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A lot of work has been done on the upper Orange River but little attention has been given to 
the source of its suspended sediment load. The source of the suspended load is important 
because it can provide insight into soil erosion, a major problem in South Africa and 
globally. In this study the composition of the suspended sediment load of upper Orange 
River tributaries is related to bed rock geology, topography, soils and land use. Orange River 
catchment bed rock includes sedimentary rocks of the Karoo Supergroup and flood basalts 
of the Drakensberg Group each with distinct geochemical signatures. It was established 
through geochemistry of river suspended sediments, top soils and weathered bedrock that 
suspended sediments are primarily derived from Karoo sedimentary rocks. Chemical 
composition was determined by X-ray fluorescence and mineralogy was determined from 
petrography of bedrock samples and X-ray diffraction analysis of soil and suspended river 
sediment. Basalt soils contain plagioclase feldspar, pyroxene, rock fragments and smectite 
clay minerals. Karoo sedimentary rock soils contain quartz, K-feldspar and illite as well as 
smectite clay minerals. Rivers flowing on the upper Karoo Supergroup sedimentary 
formations were found to carry more suspended sediment than those rivers flowing on the 
basalt. There is a relationship between slope, relief and soil cover and the sediment load of 
the rivers. Rivers flowing from high relief, steep slopes and poor soil cover have higher 
sediment loads relative to rivers draining flat, well-bounded soil. Karoo sedimentary soil is 
more susceptible to erosion than basalt soil because Karoo soils have higher sand and silt 
content which is less resistant to erosion when compared to the more clayey basalt soils. The 
basalt soils are densely rooted by grassland vegetation which limit the amount of basalt soil 
and bedrock erosion. Chemical analyses and field evidence indicate that the suspended load 
of the upper Orange River is derived from both bedrock and soil erosion. Bedrock (gully) 
erosion is most active along the Drakensberg Escarpment whereas topsoil erosion is related 
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1.1 Study Rationale 
Large rivers are the major pathways for the transport of erosion products from the continents 
to the oceans. They are studied by geochemists to estimate the fluxes of continental material 
supplied to the oceans (Dingle and Hendey, 1984; Martin, 1987; Compton et al., 2010), to 
investigate the erosion processes on a global scale (Walling and Fang, 2003) and to calculate 
chemical and physical denudation rates and types of geology prone to erosion (Kounov et 
al., 2007). The transportation of sediments by rivers is a significant component of global 
erosion and a significant proportion of sediments transported by rivers represent soil eroded 
from the catchment areas (Walling and Fang, 2003). Soil chemistry, particle size distribution 
and structure play a significant role in determining the susceptibility of soil to erosion 
(Garland et al., 1999). Soils with high silt and sand contents tend to be more erodible than 
those with high clay content (Rooseboom and Harmse, 1979). This study uses the 
mineralogy, texture and geochemistry of the suspended load in the Orange River to infer 
whether the erosion of sediments carried by the Orange River is derived from the erosion of 
the Drakensberg basalts or the erosion of the upper Karoo sedimentary rocks. 
 
Soil erosion is a major problem in South Africa (Le Roux et al., 2007). Land degradation 
caused by soil erosion not only involves the loss of fertile topsoil but also leads to sediment 
infilling of reservoirs and increased suspended sediment concentrations in streams with 
consequent effects on ecosystem health (Garland et al., 1999). Given the increasing threat to 
environmental sustainability, there is a need to improve the knowledge of factors affecting 
soil erosion in order to prevent and manage soil erosion effectively (Le Roux et al., 2007). 
The average sediment yields from sub-basins in the Orange River system vary from less 












Orange River catchment has been affected by soil erosion and this is believed to be due to 
variable factors. 
 
Foster et al. (2007) found that sediments in Orange River sub-basins of the Karoo uplands 
are predominantly derived from top soil and from hill slope top soil, and that bedrock 
erosion through gully incisement is not a major source of sediment. Keay-Bright and 
Boardman (2004) show that there has been little change in the extent of gully systems since 
1945 implying that most gully systems are currently inactive. Foster et al. (2007) stress the 
importance of land use in controlling sediment availability for transport. Despite the increase 
in high intensity rainfalls events in the post-1970 period, Foster et al. (2007) found that 
sediment accumulation rates in the Karoo uplands decreased suggesting that sediment 
delivery is supply limited rather than energy limited. 
 
Boardman et al. (2003) argued that there is significant evidence for active gully 
development in the period 1937 to the 1960s and that it seems likely that it is related to high 
stock numbers and disturbance of the vegetation in the first half of the 20th century. There is 
some evidence in the Karoo as a whole that very high stock numbers (sheep largely) are the 
cause of vegetation change and soil erosion leading to the formation of badlands and gully 
systems (Boardman et al., 2003). Major source of sediments in the upper and middle Orange 
River catchment is derived from the aggraded valleys and regional slopes where soils have 
hard B horizons when dry and have low permeability when wet (Rooseboom and Harmse, 
1979). As erosion progresses the available soil for erosion decreases resulting in a 
progressive deterioration of the soil moisture regime and a loss of topsoil which in turn 
affects the quality of the soil. Rooseboom and Harmse (1979) conclude that most of the 
sediments reaching the upper and middle Orange River originate from the erosion of silt, 












intensity summer rainfall, steep slopes and easily eroded soils and bedrock as well as the 
type of farming practiced in the catchment influence erosion (Compton et al., 2010).This 
study is focused on the above mentioned high rainfall, steep slopes and easily eroded soils of 
the Drakensberg Escarpment as a potential source of the high sediment load in the upper 
Orange River catchment. 
 
Previous studies done on the upper Orange River catchment have shown that much of the 
erosion occurs on the Karoo sedimentary soils and bedrock as opposed to the Drakensberg 
basaltic soils (Compton and Maake, 2007; see Appendix A and Compton et al., 2010). The 
Elliot Formation was found to be more susceptible to erosion compared to the other rock 
formations of the upper Karoo Supergroup formations in the study area (Compton and 
Maake, 2007; Compton et al., 2010). In order to achieve soil sustainability, better 
management and mitigation measures are needed. This can only be achieved when there is a 
good understanding of the factors affecting erosion. According to Le Roux et al. (2008), 
previous studies conducted in South Africa on a regional scale disregarded important 
erosion factors such as soil erodibility in regards to parent material and degree of soil 
weathering. Studies done on soil erosion in South Africa have mainly concentrated on 
identifying places where erosion occurs and identified land use as one of the primary factors 
impacting erosion (Barker, 1985; Marker and Evers, 1976; Kelbe et al., 1992). Calculations 
by Garland (1987) show that natural rates for erosion are between 0.02 and 0.75 t ha-1 yr-1 
and that variation in erosion rates can mainly be accounted for by slope, rainfall and soil 
type (Garland et al., 1999). Other authors state that geology is probably the dominant factor 
controlling the inherent erodibility of South African soils (Weaver, 1991; Le Roux et al., 
2008). This project will look at the relation of the geology of the study area to the suspended 
load of the rivers draining that geology, and will attempt to determine the relative 












elevated Drakensberg basalts as well the relative contribution of topsoil erosion compared to 
bedrock erosion. 
1.2 Study Objectives 
This project concerns the possible origin of the suspended sediments of the upper Orange 
River system. A significant amount of research has been carried out on the sediments 
offshore in the Orange Basin (Compton et al., 2002; Meadows et al., 2001; Compton et al., 
2010) as well as the Namaqualand mud belt on the continental shelf (Meadows et al., 2001; 
Herbert and Compton, 2007) and it is important to understand the source area for these 
sediments from the continental interior in order to determine areas with high erosion 
susceptibility. Information on the source of river suspended sediment can be used in 
understanding the processes of erosion, in order to establish the relative importance of gully 
and topsoil erosion and for the development of land use policy aimed at reducing soil loss.  
 
The aim of this project is to identify the sources of the suspended sediment transported by 
the Orange River. The mineralogy and geochemistry will indicate whether the suspended 
load in the Orange River is derived from the erosion of the Drakensberg basalts or the 
erosion of the upper Karoo sedimentary rocks or the soils derived there from. Land 
degradation is a serious problem in the study area and the results of this study will show the 
relative contributions of erosion of bedrock and valuable top soil. 
The objectives of the study are: 
• Determine the mineralogy and chemistry of the soils in the study area impacted by 
erosion  
• Analyse the mineralogy and chemistry of the suspended sediment river load and river 
bank sediments draining the study area 













• Examine paleodeposits in the rivers and streams to establish the history of soil erosion  
• Compare the extent and nature of soil erosion in a north-south transect along the western 
Drakensberg Escarpment. 
 
1.3 General introduction to the Orange River system 
Rising in the east, the Orange River flows westward for 2300 km across an interior plateau 
(Figure 1.1). In advancing from the steep mountains through the pastures of Lesotho; the 
region flattens, progressively assuming the nature of a desert, which near the Atlantic Ocean 
receives less than 100 mm/yr rainfall. The total catchment of the Orange River drainage 
Basin amounts to 891 780 km2 (Bremner et al., 1990). Wellington (1958) described the 
features of the Orange River basin and divided the river into the upper Orange above the 
confluence with the Vaal, the middle Orange between this confluence and Augrabies Falls, 
situated downstream of Upington and the lower Orange from the Augrabies Falls to the river 
mouth at Alexander Bay on the Atlantic Ocean. This project focuses on the upper Orange. 
The Caledon River, which forms a border between South Africa and Lesotho, is the main 














Figure 1.1: Orange River catchment showing major rivers, dams and towns from 
Bremner et al. (1990). Dashed lines indicate ephemeral rivers. 
 
The Orange River has been discharging large amount of sediments onto the western 
continental margin of South Africa for about 125 million years. Noble and Hemens (1978) 
found that the Orange River drains 45% of South Africa’s land surface and delivers 
approximately 22% of its mean annual runoff to the Atlantic Ocean. Most of the runoff is 
derived from high-rainfall areas of the upper Orange catchment and only 1.8% is derived 
from below the Orange /Vaal confluence (Kriel, 1972; Benade, 1988). Although the Orange 
River is small in comparison with most of the World’s major rivers, it ranks as the most 
turbid in Africa and the fourth most turbid in the World, and due to the building of dams the 
modal size of suspended sediments has changed from silt to clay (Bremner, 1990).  
 
The climate conditions vary greatly from the source to the mouth of the river. The climate at 
the source is cool and temperate but becomes more arid as the river moves towards the west 












physiographic diversity of the region results in the rainfall being greatly varied (Department 
of Water Affairs and Forestry, 1997) (Figure 1.2). The average annual precipitation in the 
Lesotho Highlands is 1800 mm and the average annual potential evaporation is 1100 mm 
(Nel and Sumner, 2008). At Alexander Bay the average annual precipitation decreases to 50 
mm and the average annual evaporation increases to 3000 mm. 
 
The average daily temperature varies from 12ºC in the Lesotho Highlands to 22ºC near the 
mouth. Extreme temperatures of -10ºC in the Lesotho Highlands can be experienced and 
some areas experience more than 200 days of frost a year. The temperatures along the banks 
of the lower Orange River can reach up to 50ºC and higher (Department of Water Affairs 
and Forestry, 1997). A clear decrease in average annual precipitation can be seen from the 
source of the Orange River towards the mouth of the river at Alexander Bay (Figure 1.2). 
Higher rainfall in the eastern catchment could be explained by orographic rainfall resulting 
from high elevation in the region. The high rainfall area also corresponds to high sediment 
production (Figure 1.3). Rainfall has been declared by far to be the most important factor of 
erosion and weathering of soil (Seuffert t al., 1999; Compton et al., 2010). Therefore, high 
sediment production is predicted in high rainfall areas and the total erosion map corresponds 














Figure 1.2: The average annual precipitation of the Orange River Catchment 















Figure 1.3: Average annual sediment production in the Orange River catchment 
(Bremner, 1990). 
 
1.4 Geological Setting 
The Orange River system drains a catchment area with rocks ranging from Archean granites 
to Cenozoic volcanics (Figure 1.4a). For this study samples were collected from the upper 
catchment area and include the Adelaide Subgroup and Tarkastad Subgroup of the Beaufort 
Group, Molteno, Elliot, Clarens formations of the Stormberg Group and the Drakensberg 
Group (Figure 1.4b). These groups and formations are described in detail in the Results 
chapter. 
1.4.1 Beaufort Group 















1.4.1.1 Adelaide Subgroup  
The oldest rocks in the study area belong to the lower Beaufort Group; Adelaide Subgroup. 
The Adelaide Subgroup originated in the Triassic in response to tectonic uplift of a source 
area which allowed the accumulation of 2700 m of fining upward succession of sandstones 
and reddish brown mudstones with numerous thin chert bands (Truswell, 1970). The 
subgroup has lenses of red mudstone which are likely to have been deposited in a sub-aerial 
fluvial environment. The climate was semi-arid, and it supported a lush flora and fauna that 
thrived along meandering rivers (Truswell, 1970). The sandstone dominated deposits are 
believed to have been deposited by overbank flooding from meandering and low sinuosity 
river systems while the thick mudstone dominated deposits consist of lacustrine facies at the 
























Figure 1.4(a): Simplified geological map of the Oran ge River and surrounding areas showing the major lithologies, insert (zoomed in on 
Figure 1.4b) showing the study area which is described further in Methods and Discussion chapters (map extracted from the 















Figure 1.4(b): Geological map of the upper Orange River, the study area showing the 
geology of the area and sample locations (black circles are bedrock and soil 
samples (Table 2.1) and red circles are river suspended samples (Table 2.2)). 
















The Tarkastad Subgroup of the upper Beaufort Group sediments was deposited in the Late 
Triassic in an intracratonic basin, with the sediments derived from a volcanically active 
source located to the south and west (Turner, 1978). The sediments primarily consist of 
sandstones, siltstones and mudstones as well as a few lenticular limestone and abundant 
calcareous concretions. The sandy fluvial facies of this group are believed to have aggraded 
rapidly in a tectonically down-warped foreland basin related to activity in the Cape Fold 
Belt and its eastward extension beyond the existing continental margin (Tankard et al., 
1982). The more proximal facies of this fluvial system were displaced by the subsequent 
breakup of Gondwana. The Tarkastad Subgroup is characterized by a greater abundance of 
both sandstone and red mudstones compared to the Adelaide Subgroup (Johnson et al., 
2006) 
1.4.2 Stormberg Group 
The Stormberg Group is made up of Molteno Formation, Elliot Formation and Clarens 
Formation. 
1.4.2.1 Molteno Formation 
The Molteno Formation wa  deposited during the Late Triassic. The sediments of this 
formation are an intracratonic, bed load- dominated fluvial wedge derived from a 
tectonically active source to the south and south east (Rust, 1962; Turner, 1970) and they are 
somewhat coarser grained when compared to the Tarkastad Subgroup. This orogenic source 
may represent renewed uplift of the eastern extension of the Cape Fold Belt (Tankard et al., 
1982). The formation consists of alternating medium to coarse grained sandstones and grey 
mudstones, with secondary quartz over growth giving the sandstone a glittering appearance.  
Sandstones of the Molteno Formation are coarse grained and they are usually overlain by 
red shales showing an upward fining sequence (Johnson et al., 2006).  
 












The Elliot Formation was deposited in the Late Triassic in a fluvio-lacustrine environment 
within a long-established internal drainage basin, remote from any marine shoreline 
(Johnson et al., 2006). Fine-grained red beds and the lenticular yellow sandstone make up 
the Elliot Formation, which follows conformably on the Molteno and represents a reduction 
in fluvial energy and proportion of bed load (Tankard et al., 1982). The hematitic coloration 
characterizes the finest grain size sediments. There are also some green lamellae enclosed 
within the red mudstone, green mud clasts with iron oxide rims, which have been interpreted 
by Tankard et al. (1982) as showing that oxidation may have been a product of early 
diagenesis. Soils derived from the Elliot Formation are commonly friable and easily eroded 
(Rooseboom and Harmse, 1979). 
 
1.4.2.3 Clarens Formation 
Progressive Late Triassic desiccation reached a maximum during the deposition of the 
Clarens Formation. Beukes (1970) has divided the Clarens Formation into three units. The 
central unit represents true desert conditions in the north, grading southwards into 
intercalated water-laid sediments. The lower and upper units reflect a less severe climate, 
with numerous shallow lake deposits. The Clarens Formation is made up of eolian sands, 
corresponding in general with the preceding fluvial depository of the Molteno and Elliot 
formations. Major channel-fill sandstones are commonly present towards the base of the 
Clarens Formation. The Clarens Formation sandstone sediments are green in colour and they 
weather to different colours as they leach different elements. The sandstones of the Clarens 
Formation have well-developed cross-bedding and are extremely friable in places. 
1.4.3 Drakensberg Group 
The Drakensberg Group is made up of the Drakensburg flood basalts and the subsequent 













1.4.3.1 Drakensberg flood basalts 
Drakensberg volcanism terminated Karoo sedimentation. Basaltic outpourings produced vast 
lava fields, of which the 140 000 km2 Drakensberg plateau is an erosional remnant (Tankard 
et al., 1982). Volcanism was a manifestation of Gondwana break up 180 million years ago 
but was initiated earlier than that as evidence has been found from zircon dating (Courtillot 
et al., 1999), and also there are volcanics present in the Permian-Triassic Ecca and Beaufort 
groups (Tankard et al., 1982). In the study area the Drakensberg conformably follows the 
Clarens Formation although the relationship between the two is complex (Marsh and Eales, 
1984).The majority of the Drakensberg basalts are amygdaloidal, with the cavities filled by 
zeolites (Marsh and Eales, 1984). The flood basalts outcrop as erosional remnants and areas 
between them are intruded by dolerite dykes (Duncan and Marsh, 2006). 
 
1.4.3.2 Dolerite dykes and sills 
One of the prominent features in the Karoo landscape today is the large number of ring 
shaped dyke structures present in the study area. The dolerite dykes have been associated 
with the widespread volcanism that accompanied the outpour of the Drakensburg lavas. 
The dolerite dykes and sills are more developed and evident on the Karoo sedimentary rocks 
and occur as a network of dykes, sills and saucer shaped sheets (Chevallier and Woodford, 
1999).  The dykes and sills range from a few meters to 200 m or more in thickness and 
typically form resistant caps of hills comprising of softer Karoo sedimentary sequence.  
1.5 Soil 
The soil within the catchment area ranges from sandy to clayey with alluvium and bank 
deposits tending to be mainly sandy. The soil in the catchment area was formed from the 
weathering of sandstone, mudstone and basalt bedrock in the study area. The field 
observation has shown that soil of basalt bed rock are dark in colour and contain a relatively 












derived from sedimentary bedrock. Moving further from the Lesotho Mountains, including 
the ridges from the Clarens Formation, the soils of the valley bottoms consist of grey, brown 
quartzose sand. Further west away from the escarpment are sandy horizons over clayey loam 
derived from bed rock of the Elliot and to a lesser extent Molteno formations. The soils in 
the Caledon and upper Orange River catchment area are categorised into four soil types, the 
clay enriched by illuviation duplex soils, an iron oxide enriched in middle to lower slope in 
warm, sub-humid climate with a distinct dry season, cumulic soils having recently formed in 
unconsolidated sediments such as colluviums, alluvium and aeolian sands and, lastly, 
youthful plinthic soils resulting from either limited rock weathering or rejuvenation through 
natural erosion on steeper, convex slopes (Fey, 2010) (Figure 1.5). While Rooseboom and 
Harmse (1979) have classified the soils into 2 categories, the neutral yellow grey and red 
sand and loams from the  weathering of aeolian sands, sandy loess and colluvium. The 
second category is solodized solonetz in the northern side of the study area and solonetz 
lithols in the southern side of the study area. The solodized solonetz soils resulted from the 















Figure 1.5: Map showing the soils of the study area, sourced from www.agis.agric.za 
and interpretation from Fey (2010). Cumulic soils are mixed with the above 
shown soil types. No soil data are available for Lesotho (shown in grey). 
 
1.6 Vegetation cover 
The Grassland Biome dominates in the upper catchment area where the topography is 
mainly flat and undulating and includes the escarpment (Figures 1.6). Grassland biome in 
the study area has been categorized as Drakensberg grassland, Mesic Highveld and dry 
Highveld grassland (Mucina and Rutherford, 2006) (Figure 1.6). The Drakensberg grassland 
biomes occur in high altitude and high rainfall areas. These grasslands have occasional 
shrubs in disturbed areas (Mucina and Rutherford, 2006). The grasses are almost entirely 
underlain by basaltic rocks with some of the shallow soils covering the Clarens Formation. 
The amount of cover depends on rainfall and the degree of grazing. Trees are absent, except 












prevent the establishment of trees (Rutherford and Westfall, 1986). The dry Highveld 
grassland is found in undulating hills and valleys of rivers such as the Orange River and the 
Vaal River catchment (Mucina and Rutherford, 2006), and prevails in areas where annual 
rainfall is less than 600 mm. There are two categories of grass plants in the study area. 
Sweet grasses have low fibre content, maintain their nutrients in the leaves in winter and are 
palatable to stock. Sour grasses have high fibre content and tend to withdraw their nutrients 
from the leaves during winter so that they are unpalatable to stock (Rutherford and Westfall, 
1986). Dry Highveld grasses fall under the sweet grass category. At higher rainfall and on 
more acidic soils, sour grasses prevail, with 625 mm per year taken as the level at which 
unpalatable grasses predominate (Mucina and Rutherford, 2006). C4 grasses dominate 















Figure 1.6: Distribution of grassland biomes in the stu dy area data source: South African National Biodiversity Institute and Mucina 
and Rutherford (2006). 
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Grass plants tolerate grazing, fire and are able to produce new stems readily, using a wide 
variety of strategies. Mesic Highveld grassland are mainly in the Zastron area and are 
considered to be the sour grasses, shrubs are found within Mesic Highveld grassland 
(Mucina and Rutherford, 2006). Shrubland occurs within the above mentioned grassland in 
areas restricted to rocky slopes and shallow soils. The Grassland Biome is the cornerstone of 
the maize crop, and many grassland types have been converted to this crop. Sorghum, wheat 
and sunflowers are also farmed on a smaller scale (Rutherford and Westfall, 1986). 
Grasslands have deep soils that are very nutrient rich because of the large amount of plant 
tissue ('biomass') that dies off and is added to the soil through decomposition every year. 
This is why grassland is often converted into farmland. Often grassland soil contains a large 
proportion of clay, which retains moisture better than sandy soils so that plants growing 
there can put on a great deal of growth in the spring when there is more rain. Grasses have 
very deep and extensive root systems that can reach down to get water and they lose less 
water through their leaves than many other plant types (Rutherford and Westfall, 1986).  
1.7 Land Use 
The present land use in the catchment area is mostly under natural vegetation with flock 
farming (sheep, cattle and some game) as the main economic activity (Figure 1.7). Extensive 
dry land cultivation, mostly for the production of grains, is found in the north-eastern parts 
of the study area. Ficksburg is famous for the cherry orchards in the region, large areas 
under irrigation for the growing of grains and fodder crops have been developed along the 
main rivers, mostly downstream of irrigation dams. The Orange River is highly regulated 
with dams having been built for irrigation, electricity generation, flood control, and water 
transfer (Tooth and McCarthy, 2004). There are two storage reservoirs on the Orange River 
in South Africa, the Gariep Dam (shown on the map) and the Vanderkloof Dam, and one in 
Lesotho, where the Orange River is called Senqu River, the Katse Dam. The Gariep Dam is 












Vanderkloof Dam controls the flow of water between the dam and Alexander Bay for 1400 
km. The Gariep Dam and the Vanderkloof Dam are used to regulate river flow for irrigation 
and produce hydro-electricity during peak demand periods (DWAF, 1997). Except for the 
Vaal River, which is the largest and most important tributary of the Orange River, not much 
of the water from the Orange River is used for domestic or industrial purposes. The use of 
water by the irrigation sector for agriculture is one of the highest in the upper catchment 
areas. Grazing is important, but overgrazing converts this grassland to a Karoo shrub land 
type. The clay rich soils associated with grasslands are excellent for agronomy, and 
extensive areas are cultivated for maize and other crops. The remnant patches of natural 
vegetation are intensively grazed and are consequently often degraded. 
 
Figure 1.7: Land use distribution in the upper Orange River catchment map from 
















The study area is located in the Free State Province and the far northern part of the Eastern 
Cape Province with the focus on the upper catchment area of the Orange River at the upper 
reaches where it is called Senqu, the Caledon river catchment area and to a smaller extent 
the Vaal river catchment (Figure 2.1 and Figure 2.2). The project covers an area from Barkly 
East to the town of Clarens near Highland national park. A few samples were collected from 
the Vaal catchment area and the lower Orange River catchment for comparison. Suspended 
sediment load was collected from the Caledon River, Orange River at Aliwal North, and 
Free State Border (upper catchment area) and Vioolsdrift (lower Orange River catchment), 
and Vaal River 20 km upstream from the town of Douglas and the Kraai River at Barkly 
East and New England (Figure 2.1). 
 
Three major sampling trips were made to the upper Orange River catchment between 
February 2006 and August 2009. The sampling trips included the collection of soil samples 
from the upper catchment of the Orange River and the suspended sediment loads of the 
upper Orange River, its tributaries and the Caledon River. Modern river bank deposit sand 
raised river bank (paleoflood) deposits of the Orange River, the Caledon River and their 
tributaries were also collected during the second and the third sampling trips. The first 
sampling trip (Feb 2006) extended from the town of Aliwal North towards the town of 
Bloemfontein to the west and to the south east towards the town of Barkly East (Figure 2.2). 
The first trip mainly focused on the collection of river suspended sediment and soil profile 
samples. The second trip (Jan 2007) started at Aliwal North and extended north to the town 
of Douglas where the Vaal River was also sampled. The second trip focused on the 
collection of suspended river samples, soil samples, paleoflood and modern river bank 












(Figure 2.1). Figure 2.1 shows the different samples that were collected from different 
geological formations for the purpose of the study from the three different trips that were 
undertaken.  The third trip focused on the collection of soil samples and soil profiling in 
areas affected by erosion. The first two trips concentrated on the southern part of the study 
area where erosional features are observed as generally not as extensive as in the northern 
part of the study area where erosional features are common, such as deeply incised gullies. 
The general geology, vegetation cover, land use and the extent of erosion were observed and 














Figure 2.1: Geological map of upper Orange River catchment area showing the 
distribution of different geological formations drained by the Orange River 
and its tributaries (black circles are bedrock and soil samples (Table 2.1) 
and red circles are river suspended samples (Table 2.2)). Adapted from 
Compton et al. (2010) and Council for Geoscience 1:1000000 scale map 













2.1.1 Bedrock and Soil samples  
Samples were named in the field and were later allocated sample numbers (Table 2.1). 
Bedrock samples consist of sandstone, mudstone and basaltic rocks collected from outcrops 
or road cuts using a geological hammer. Soil and weathered bedrock samples were collected 
from the different geological rock formations drained by the Orange River and its tributaries 
(Figure 2.1). Soil and the weathered bedrock samples consist of unconsolidated sediment at 
various levels between the underlying bedrock and the ground surface (Table 2.1). The soil 
samples are the topmost unconsolidated sediments on the surface and include soils collected 
from farms. Soil samples were collected by scooping 1.5-2.5 kg with a plastic trowel from 
the surface and to about 15 cm below surface. In some locations surface or top soil samples 
were collected from the dark, organic-rich ‘A Horizon’ and subsoil samples were collected 
from 20-40 cm below the surface. The weathered bedrock samples were collected from the 
semi hard weathered rock more than 50 cm below surface. The names of bedrock and soil 
samples were derived as follows, the first character is the first letter of the geological 
formation sampled followed by one of two letters of the name of the nearest town and then 
followed by the number of the sample. Where vertical soil profiles were sampled letters a-d 














Figure 2.2: Map showing the sample locations and the  towns near where the samples were collected. Names with light blue 















Table 2.1: Sample name, numbers, type and location of soil and bedrock samples. 
Sample name  Sample no  Nearby town  Sample type  Geology  Catchment  Elevation m  
Elb12a 1a Lady Brand Top soil Elliot Caledon River 1516 
Elb12b 1b Lady Brand Sub soil Elliot Caledon River 1516 
Elb12c 1c Lady Brand Chunky bedrock Elliot Caledon River 1516 
Elb12d 1d Lady Brand River bank deposit of stream nearby Elliot Caledon River 1515 
Clb13a 2a Mondderkop Rock sample Clarens Caledon River 1763 
Clb13b 2b Mondderkop Farm soil Clarens Caledon River 1701 
Tcl14a 3a Clocodan Alluvium deposit Tarkastad Caledon River 1540 
Tcl14b 3b Clocodan River bank deposit Tarkastad Caledon River 1540 
Mcl15 9 Clocodan Farm soil Molteno Caledon River 1592 
Tmar15 10 Marquad Top soil Tarkastad Caledon River 1612 
Ecl17 11 Marquad Farm soil Elliot Caledon River 1647 
Efr18 14 Fouriesburg bed rock Elliot Caledon River 1784 
Cfr18 15 Fouriesburg bed rock Clarens Caledon River 1784 
E&Cfr19 16 Fouriesburg River bank deposit Elliot/Clarens Caledon River 1643 
M22a 17a Ficksburg Top soil Molteno Caledon River 1633 
M22b 17b Ficksburg Sub soil Molteno Caledon River 1633 
M22c 17c Ficksburg Weathered bedrock Molteno Caledon River 1633 
T24a 20a Ficksburg top soil Tarkastad Caledon River 1590 
T24b 20b Ficksburg subsoil with clay Tarkastad Caledon River 1590 
T24c 20c Ficksburg Chunky bed rock Tarkastad Caledon River 1590 
T24d 20d Ficksburg river bank deposit Tarkastad Caledon River 1590 
M23 24 Ficksburg Top soil Molteno Caledon River 1597 
B&C23 25 Ficksburg River bank deposit Basalt/clarens Caledon River 1627 
Twep24 26 Wepner Bed rock sample Tarkastad Caledon River 1440 
Teg25a 27a Egmont alluvium deposit Tarkastad Caledon River 1502 
Teg25b 27b Egmont Top soil Tarkastad Caledon River 1502 
Pa28 31 Wepner Top soil Adelaide Caledon River 1505 
Pa29 32 Wepner Alluvium deposit Adelaide Caledon River 1493 
16soil hori 54 Rouxville Topsoil Molteno Caledon River  1417 
17A 55a Kleinspirit Topsoil Tarkastad Caledon River  1374 
17B 55b Kleinspirit Sub soil Tarkastad Caledon River  1374 
17C 55c Kleinspirit Bed rock Tarkastad Caledon River  1374 
RB 19 58 Reddersburg Topsoil Tarkastad Caledon River  1407 
20 76 Reddersburg Top soil Tarkastad Caledon River  1490 
LG1 2 33a Lady Grey Top soil Clarens Orange River  1679 
LG2 2 33b Lady Grey Bed rock Clarens Orange River  1679 
N.E 3 35 New England  Top soil Basalt Orange River  1754 
B.E 4 36 Barkly East Bedrock Basalt Orange River  1790 
KPS 7 37 Barkly East Bedrock Basalt Orange River  1606 












Sample name  Sample no  Nearby town  Sample type  Geology  Catchment  Elevation m  
8B 38b Barkly East Sub soil Basalt Orange River  1892 
8C 38c Barkly East Sub soil Basalt Orange River  1892 
8D 38d Barkly East Weathered Bed rock Basalt Orange River  1892 
9 basalt 42 Dordrecht  Top soil Basalt Orange River  1916 
10 mud 43 Dordrecht  Bed rock Elliot Orange River  1660 
11A 44a Dordrecht  Topsoil Elliot Orange River  1697 
11B 44b Dordrecht  Bed rock Elliot Orange River  1697 
12A 46a Blue Gum Topsoil Elliot Orange River  1488 
12B 46b Blue Gum Sub soil Elliot Orange River  1488 
12C 46c Blue Gum Weathered Bed rock Elliot Orange River  1488 
13SP 49 Sterkspriut Topsoil Molteno Orange River  1378 
15A O.F.S.B 50a Zastron Topsoil Elliot Orange River  1515 
15B O.F.S.B 50b Zastron Sub soil Elliot Orange River  1515 
15C O.F.S.B 50c Zastron Sub soil Elliot Orange River  1515 
15D O.F.S.B 50d Zastron Weathered Bed Rock Elliot Orange River  1515 
LM-07 59 Aliwal North Top soil Tarkastad Orange River  1329 
Ezas26 29 Zastron Alluvium deposit Tarkastad Orange River  1497 













2.1.2 River suspended load, Riverbank and Paleoflood deposits 
Suspended sediment samples were collected from river waters with a plastic bucket at the 
shoreline of the river (Figure 2.3). River water suspended sediment samples were collected 
from the edge of the riverbank by submerging, in one rapid and continuous motion, 5-10 
litre plastic buckets to a depth of approximately 30 cm below the surface of the river, and 
were transferred into 2.5 litre bottles and 2 litre jugs. River suspended sediments were 
collected by settling overnight. The finest suspended sediment, which did not settle out 
overnight, was collected in plastic jars for settling or centrifuging in the laboratory. At the 
same time of sample collection, the flow velocity of the surface river water was recorded.  
 
The velocity was measured by throwing a stick in the water and measuring the time it takes 
to travel through a set distance. Using the predetermined distance and the time measured the 
velocity was calculated. River water suspended sediment samples were collected from the 
Orange River upstream of the bridge at Aliwal North (AN1) and upstream of the bridge at 
the Free State Border (FSB) in February 2006 (Figure 2.4 and Table 2.2). The Caledon 
River was sampled upstream of the N6 Bridge (CLDN) in February 2006 between the towns 
of Rouxville and Smithfield and between the towns of Clocolan and Ficksburg (CLDNc) in 
August 2009 (Figure 2.1, 2.4 and Table 2.2). The Kraai River was sampled downstream of 
the R58 bridge north of Barkly East (Kraai) and a tributary to the Kraai River was sampled 
at the town of Barkly East (BE).The second set of river water suspended sediment samples 
was collected in January 2007 from the Aliwal North site and Caledon River site and 
included the Vaal River (Vaal) site 25 km upstream from the town of Douglas (Figure 2.1). 
A suspended sediment sample was also collected from the far western end of the Orange 
River catchment at Vioolsdrif (Bundi) 150 km from the river mouth at Alexander Bay on the 
Atlantic coast bordering with Namibia. The first and second sampling was done during the 












maximum amount of suspended sediment is transported by the Orange River. Paleoflood 
deposit samples consist of sediment deposited during previous flooding events at various 
elevations above the river (Figure 2.3.) River bank and paleoflood deposits are indicated by 
the letter RB and P, respectively added to the source river name (Table 2.2). 
 
 
Figure 2.3: Profile showing location of samples relative to the river. A shows a soil 
profile from top soils to weathered bedrock (sample 1a to 1d); B shows a 
palaeoflood deposits (P); C shows a modern river bank deposit (RB) and 













Table 2.2: Source river, sample name and sample number of suspended, river bank and paleoflood deposits. 
Source River  Sample name  Sample no  Nearby town  Suspended load (g/l) 2006 g/l 2007 Catchment  Elevation m  
Orange River  Bundi Bundi Vioolsdrift  0.058 g/l Orange River 150 
 AN1 AN1 Aliwal North  2.6 g/l 0.46 g/l Orange River 1306 
 FSB FSB Free State border bridge  3.4 g/l  Orange River 1368 
        
Caledon River Caledon CLDN N6 Bridge  3.0 g/l 0.52 g/l Caledon River 1329 
Vaal River  Vaal Douglas  0.022 g/l Vaal River  
        
Kraai River  Kraai B.E Barkly East 0.05 g/l  Orange River 1754 
  Kraai N.E New England 0.22 g/l  Orange River 1754 
RIVER BANK DEPOSITS 2007       
Caledon River        
 CR16a  CLDNc RBa  Clocolan  top soil  Caledon River 1521 
 CR16b CLDNc RBb  Clocolan  river bank deposit  Caledon River 1521 
 Caledon River Bank CLDN RB N6 Bridge almost all sand deposit  Caledon River 1329 
 Caledon 2nd samples. CLDN RB Clay N6 Bridge clay rich river bank sample  Caledon River 1329 
        
Vaal River Vaal Windsorton Vaal RB Windsorton sandy river bank deposit  Orange River  
        
Orange River AL  North clay River Bank 4th Jan AN1 RB silt Aliwal north clay layer on river bank  Orange River 1306 
 AL North Clay River Bank AN1 RB Mud Aliwal north fine clay and mud layer  Orange River 1306 
 AL North Surface mud AN1 RB Clay Aliwal north clay layer on sandy beds  Orange River 1306 
Paleoflood deposits       
Caledon River Caledon Paleoflood N6 CLDN P N6 Bridge very sandy homogenous sed  Caledon River 1329 
Vaal River Vaal Paleoflood(Douglas) Vaal P Douglas sub surface deposit in dry river bed  Vaal River  
















Figure 2.4: Map showing the location of river suspended load, river bank and 
paleodeposit sample points. The coloured areas indicate the individual river catchment 
(River Health Programme 2003). The Bundi sample was collected at Vooilsdrift 150 km from 
the Orange River mouth (Fig. 1.1). 
 
2.1.3 Catchment area of the Orange River 
The geological map of the catchment (Figure 2.1) was used together with the catchment area 
map as defined by the Department of Water Affairs (DWAF) (Figure 2.4) to estimate the 
relative extent of geological formations in the river catchment area (Table 2.3). The 
catchment area map was superimposed onto the geological map of similar scale and the area 













Table 2.3: Relative percentage of geological catchment bedrock formations in the 
upper Orange River and its tributaries. 
Orange River catchment bed rock geology composition  
Sample site 
Bedrock Formation  
Pa TRt TRm TRe TRc Jdr 
AN1  20 30 20 5 25 
FSB  5 20 25 10 35 
Kraai      15 85 
         
Caledon River catchment bed rock geology composition  
  Pa TRt TRm TRe TRc Jdr 
CLDN 5 35 7 30 13 10 
CLDNc 0 15 10 50 15 10 
              
 
The upper Orange River catchment of this study has been defined as the upper catchment 
area excluding land area in the Caledon River catchment as defined by the Department of 
Water Affairs (DWAF) (Figure 4.4). The Orange River suspended load and river catchment 
include samples taken from Aliwal North (AN1), the Free State border (FSB) and the Kraai 
River at Barkly East and New England (Kraai B.E and Kraai N.E) (Figures 2.1 - 2.4). These 
samples were further separated relative to their mud and sand content at the time of 
sampling.  The mud and clay river bank samples are fine grained mud settled on top of the 
sand bars, while silty river bank deposits had more silt or sand than clay. The paleoflood 
deposits were collected some 5 to 10 m away and upslope from the modern river bank 
deposits and contain both sand and mud (Figure 2.3). 
 
Highest rainfall and relief (Figure 1.2 and 2.5) in the Orange River catchment occur in the 
Drakensberg and Maloti Mountains. The upper Triassic and lower Cretaceous Drakensberg 
flood basalt and the underlying Clarens Formation sandstone form a resistant cap rock to 













Figure 2.5: Elevation map of the upper Orange River and Vaal River catchment areas 
(River Health Programme, 2003).  
 
2.2 Sample analyses 
All soil, water (river suspended) and rock samples were analysed in the University of Cape 
Town Geological Sciences Laboratory. Each of the soils samples and river suspended 
sediments was subdivided into 3 batches. The first batch was put in a freeze drier to remove 
excess moisture and then crushed for chemical analysis by x-ray fluorescence (XRF). The 
second batch was sent to the Archaeology Laboratory for total organic carbon analysis and 












analysis detailed in the section below. The clay fraction of the wet sieved soils and 
suspended sediments were analysed for mineralogy using x-ray diffraction (XRD). Rocks 
samples were cut into thin sections for binocular microscope mineral identification, while 
parts of the rock samples were crushed for chemical analysis by XRF. A complete flow 




























2.2.1 Grain size analysis 
The bulk soil and suspended river water samples underwent grain size analysis using a 
63 micrometers (µm) and 38 µm mesh sieves, separating the sand (> 63µm) and coarse silt 
(38-63µm) fractions, respectively. The remaining <38 µm mud was decanted into 600 and 
800 ml beakers and re-dispersed by stirring. After settling for 20 minutes, according to 
Stoke’s Law which assumes perfect spheres, particles left in suspension were operationally 
defined as clay (<2µm) and were decanted from the settled very fine to medium silt fraction 
(2-38µm). A small representative sample of the clay fraction was mounted onto glass slides 
as slurry for mineralogical analysis by X-ray diffraction (XRD). The rest of the wet sieved 
sediments were then placed in an 80˚C oven to dry and weighed for grain size analysis. 
 
The suspended sediment samples were left to settle for a further 2 to 5 days in the lab. Not 
all sediment settled in this time period with some sediment still suspended. A measured 
volume of this residual suspended sediment was filtered through a 0.45 µm pre-weighed 
filter. The weight of the suspended sediment after 2 to 5 days of settling was added to the 
total settled weight and the filtered suspended sediment was mounted on glass slides for 
mineralogical analysis by XRD. The settled suspended sediment and bulk soil samples were 
freeze dried to remove excess moisture and powdered for chemical analysis by XRF and 
total carbon analyses. The soil was freeze dried using a Virtis Benchtop SIC 2, 4 and 6k 
machine. The drying process removes 99% of the moisture from the sample without 
compromising the sample. The sediments must be frozen before freeze-drying to below -
40˚C to minimise freeze-drying time. The machine uses a vacuum for removal of air and 
other non-condensable vapour and condenser for removal of moisture from the soil.  
2.2.2 Petrography 
Petrography of rock thin sections was carried out using a Nikon Libophot transmitted light 












composition and texture between the samples. The petrography of sand and coarse silt size 
fractions of the suspended river load and soil samples were described using an Olympus 
binocular microscope. XRD was used to complement the thin section in identifying the 
mineralogy of very fine-grained rocks. 
2.2.3 X-ray diffraction (XRD) analysis 
XRD analysis was carried out on the clay size fraction of the wet sieved suspended river 
water sediment and soil samples and on the bulk soil samples to determine mineralogy of the 
samples. The bulk soil samples were crushed and finely ground into a powder using an agate 
mortar and pestle. The powder was mixed with a small amount of distilled water to make a 
slurry, which was then transferred by pipette onto a glass slide. A small amount of the clay 
fraction was mounted as wet slurry on a glass slide for XRD analysis.  The sample was 
allowed to air dry and then was loaded into the XRD for analysis. The instrument used was a 
Philips PW1390 Powder X-Ray Diffractometer at the Department of Geological Sciences at 
UCT, which uses a Copper K-α X-ray tube with wavelength of 1.542 Å. D-spacing, the 
distance between atomic layers in mineral crystals are measured using Braggs Law:  
nλ =2dsinΘ 
Where n is an integer, λ is the wavelength of the beam, Θ is the incident angle, and d is the 
d-spacing of the crystal in Angstroms. Bragg 2Θangles between 2.5 and 50° were used for 
the analysis. Peaks in the XRD patterns corresponding with d-spacing of minerals were used 
to identify the minerals present in the sample. 
2.2.4 X-ray fluorescence (XRF) elemental analysis 
Major oxide and trace element analysis was done by XRF analysis. Weathered and fresh 
bedrock samples and freeze dried suspended sediment and bulk soil samples were crushed 
and powdered in an agate mortar and pestle for XRF analysis. For major oxides, XRF fusion 
disks were prepared using 0.7 g of powdered sample and 6 g of flux. For trace element 












(used as a binder to hold the sample together) pressed at 10 tons. All samples were run at the 
University of Cape Town with the exception of three suspended river sediment samples 
which were run at the University of Stellenbosch (US) using the following methods: pressed 
pellets were prepared using 6g of sample pressed at 7 tons, and glass beads were made using 
0.5 g of sample and 1.5 g of additive (Li-B La-free flux) melted at 1000ºC. Diameter of 
beads and pellets must be more than 25 mm. Duplicate samples were run for major oxides 
and the values were reproducible to within 7% (Figure. 2.7). 
 
 
Figure 2.7: Comparison of SiO 2 analyses of duplicate samples determined by XRF. 
 
2.2.5 Organic carbon content and carbon isotope analysis 
The organic carbon content and the isotope composition of the organic carbon were 
determined on the suspended sediment and soil samples. Carbonate carbon (mostly present 
as CaCO3) was first removed by placing freeze-dried samples for a minimum of 5 hours in a 
buffered (pH 5) acetic acid-sodium acetate solution consisting of 0.5 M acetic acid buffered 
using 82g/L sodium acetate to prevent any damage to clay minerals. Leached samples were 
then washed repeatedly with ultraclean distilled water, until the litmus test indicated a pH of 












centrifugation for 25-30 minutes at a minimum of 5000 rpm (revolutions per minute). 
Sediment that remained in suspension after centrifugation was allowed to settle overnight. 
The acid insoluble residue was dried at 60-70°C, weighed and CaCO3 percent was calculated 
by mass difference. The acid insoluble residue of digested samples were ground with 
acetone in an agate mortar and pestle and approximately 1 mg was weighed with a 
microbalance into tin cups, which were then squashed to enclose the sample. The samples 
were run on a Thermo Finnigan Delta Plus XP stable light isotope mass spectrometer 
coupled via a Conflo III device to a Thermo 1112 Flash elemental analyzer in the 
Archaeology Laboratory at UCT. The flow rate of gas, released by burning samples in a 
mass spectrometer run, was measured in volts per second and was converted to carbon 
content using the known content of the in-house reference materials, namely Merck gel, 
chocolate powder, plant Nasturtium and sucrose. These standards have been calibrated 
against international Atomic Agency standards, and the results are expressed relative to 
those standards. Isotope results are reported in per mil (‰) according to the VPDB (Vienna 
Pee-Dee Belemnite) standard equation: 
δ
 13Corg (‰) = [(
13C/12C) sample/ (
13C/12C) standard – 1] 
All organic carbon percentages were corrected for the pre- analysis digestion of calcium 
carbonate. Instrument precision is better than 0.1‰.The standard deviation of standards was 
0.0129 for chocolate, 0.076 for Merck gel, 0.138 for Nasturtium and 0.052 for sucrose. 
 
The second batch of samples was run twice for carbon analysis to check for precision of the 
sample preparation. Repeat analyses of samples can vary up to more than 100% (Figure 2.8 
sample 20a) showing probable sample identity error , and duplicates  can vary up to 20% 































3.1 Bed Rock Description 
3.1.1 Adelaide Subgroup (Lower Beaufort) 
The oldest rocks in the study area are those of the Adelaide Subgroup, which stretches from 
the town of Bloemfontein on the far west to the town of Klipfontein on the eastern side and 
forming a broad 100 to 150 km wide belt in the Free State interior (Figure 2.1). The 
Adelaide Subgroup is located west of the Caledon River catchment area between the 
Tarkastad Subgroup and shales and sandstones of Ecca Group. The Adelaide is described as 
comprising of grey and reddish –brown mudstones, yellow and grey fine grained sandstones 
(Johnson et al., 2006) and is locally intruded by extensive Karoo dolerite dykes. The 
sandstones and mudstones of the Adelaide subgroup consist of equigranular sub to well-
rounded quartz grains and minor amounts of feldspar. The mudstone has higher clay mineral 
content than the sandstone and the predominant clay minerals are smectite and illite. The 
area where the Adelaide Subgroup is exposed comprises undulating to strongly undulating 
lowlands and hills covered by grass and to lesser extent shrubs. Low slopes are found on 
much of the land drained by the Vaal River. Due to low relief the outcrops exposures were 
poor and no bedrock was sampled. Soil sampling was mainly done on alluvium and river 
bank deposits of rivers draining only the Adelaide, as indicated from geological maps. The 
soils of the Adelaide Subgroup are greenish to blue grey sandy soils. 
3.1.2 Upper Beaufort Group (Tarkastad Subgroup)  
The Tarkastad Subgroup occurs in a belt from Klipfontein in the west to Wepner in the east 
widening to the south towards the town of Aliwal North (Figure 2.1). The Tarkastad 
Subgroup is located in the foothills below the Drakensberg escarpment and lies between the 












escarpment. Like the Adelaide, the subgroup is intensively intruded by extensive dolerite 
sheets. 
 
The Tarkastad Subgroup has a greater portion of sandstone and red mudstone when 
compared to the Adelaide Subgroup (Johnson et al., 2006). The Tarkastad Subgroup is 
described as comprising fine to medium grained yellow and grey sandstones and maroon 
(red) to green blue mudstone (Johnson et al., 2006). Like the Adelaide subgroup the 
Tarkastad Subgroup forms part of the undulating foot hills of the Drakensberg escarpment, 
however west of Zastron the proportion of the landscape with slopes less than 5% increases 
significantly and lowlands and hills of moderate relief are found. Alluvium, road cut 
outcrops and farm soils of the Tarkastad Subgroup were sampled. The Tarkastad Subgroup 
mainly drains to the Vaal River with a lesser amount draining to the Caledon River. Bedrock 
consists of quartz feldspar and some rock fragments, the clay minerals are illite and 
smectite. There are some patches of red soil in the study area, but, although red clay soil 
forms the integral part the soil pattern of this subgroup, they are probably derived from 
dolerite dykes and differ from sandier soils developed from sandstone and mudstone of the 
Tarkastad Subgroup. 
3.1.3 Molteno Formation 
The Molteno Formation forms a narrow belt between the Tarkastad Subgroup on the west 
and the Elliot Formation to the east (Figure 2.1). The Molteno Formation decreases in 
thickness from the south side of the study area to the north. The formation comprises 
alternating medium to coarse grained sandstones and grey mudstones (Johnson et al., 2006). 
Sandstones of this formation are now mostly exposed as cliffs in the Drakensberg 
escarpment and can be easily recognised by their sparkling appearance caused by tiny quartz 
crystals that bind the sand grains together (Johnson et al., 2006).  Intrusive dolerite is 












Molten Formation is to the Caledon River, but below Aliwal North it drains to the Orange 
River.  The Molteno Formation has good outcrop exposures and was sampled at road cuts. 
Molteno Formation sandstone are coarser grained compared to Tarkastad Subgroup and has 
an increased feldspar content (Truswell, 1970). The clay content is relatively low and 
consists of smectite and illite.  
3.1.4 Elliot Formation 
The Elliot Formation comprises an alternating sequence of grey green mudstone and fine to 
medium grained yellowish grey to pale red sandstone (Johnson et al., 2006). Sampling was 
carried out on river bank, road cuts and streams mostly draining the Elliot Formation. Areas 
where the Elliot was sampled (e.g., near the town of Lady Brand) show evidence of 
intensive erosion.  Elliot Formation drainage goes to the Caledon River, mainly on the 
northern side of the study area. The vegetation is typical grassland. The minor streams 
draining this formation were found to be reddish in colour and to have a high sediment load. 
3.1.5 Clarens Formation  
The Clarens Formation forms a narrow belt between the Elliot Formation and Drakensburg 
flood basalts and forms part of the Drakensberg Escarpment (Figure 2.1). The Clarens 
Formation forms prominent hills and ridges. It is composed almost entirely of massive, well 
sorted, fine grained sandstones consisting of well rounded quartz grains (Truswell, 1970). 
The sandstones are mostly cream coloured, with occasional pink colours. Rock outcrops 
have thin soils of high sand content. The thin soils on the Clarens bedrock were mostly 
collected together with basalt soils in river bank or alluvium of streams draining both of 
these rock formations, as a result some Clarens samples show a strong basalt influence. The 
feldspar content is relatively high in the Clarens Formation compared to the Molteno and 
Elliot formations. The Clarens Formation drains on the northern side of the study area to the 












3.1.6 Drakensberg Group Basalt 
The Drakensberg Group is the upper most rock unit of the Karoo sequence and comprises a 
series of stacked basalt lava flows (flood basalt) (Figure 2.1). Within the Free State the 
Drakensberg occupies a relatively small and steep area on the southern side of the 
escarpment with elevations approaching 2000 m. Beginning in the north from about the 
province boundary with Free State and with Lesotho border in the west it runs south east 
towards Giants Castle where it attains its maximum width. South of the southern Lesotho 
border the basalt occupies relatively extensive areas of the Barkly East district. The basalt 
also occupies extensive area of the Lesotho Mountains (Figure 2.1). The area occupied by 
the Drakensberg basalt is described as comprising high mountains (Kruger, 1983) with high 
relief and limited areas with slopes less the 5%. The Drakensberg basalt has well exposed 
outcrops from which bedrock and soil samples were collected. The bedrock composition had 
plagioclase feldspar and pyroxene while the soils had less feldspar and the clay mineral 
smectite. Stream density is described as medium to high (Kruger, 1983) with drainage via 














3.2 Grain size distribution 
The grain size distribution of soil samples, including farm soils, are similar and contain 40 to 
80% sand, 4.9 to 21.9% coarse silt, 6.2 to 42.2% fine silt and 3.8 to 38.8% clay (Table 3.1 ). 
On average, soils have a high sand content of 53.7%, followed by fine silt (17%), clay 
(15.9%) and coarse silt (11.4%). The greatest amount of clay is associated with the Elliot 
Formation soil samples (38%; Table 3.1 sample 1b) and Tarkastad Formation soils (37.5 %; 
Table 3.1 sample 29). Where soil profile sampling was done the amount of clay is greatest in 
the middle, subsoil samples (Table 3.1, sample 50b and sample 1b). The river bank deposits 
and paleoflood deposits are less sandy on average and have more fine silt than the soils, with 
48.4% sand, 19.8% coarse silt and 23.8% fine silt and 8.2% clay (Table 3.2). The suspended 
river sediment samples are predominantly made up of 57% fine silt, 15.3% sand, 18.2% 
coarse silt and 9.2% clay (Table 3.2). Both soil and suspended river sediments contain less 
than 30% coarse silt while the paleoflood and the river bank deposits have as high as 42% 













Table 3.1: Grain size distribution of soils (wt%). Samples with letters a-c 
correspond to increasing soil profile depth. River bank deposit samples 
are designated by the letter d. 
Sample no  Sample description  Sand >63µm  Coarse Silt 38 -
63µm 
Fine Silt  2 -38µm Clay<2µm  
35 Basalt (Jdr) top soil 70.7 8.8 12.1 8.4 
38a Jdr top soil 66.6 9.2 16.57 7.56 
38b Jdr chunky bedrock 53.2 9.3 21.09 16.4 
42 Jdr top soil 49.2 14.81 24.97 11.04 
25 Jdr/ TRc alluvium 33.4 13.6 28.5 24.5 
33a Clarens (TRc) topsoil 63.2 8.51 18.9 9.4 
16 TRc/TRe alluvium 39.3 12.8 30.1 17.9 
1a Elliot (TRe) top soil 49.1 17.8 20.2 12.9 
1b TRe sub soil 28.1 10.5 22.6 38.8 
1c TRe chunky bedrock 35.1 18.4 25.4 21.1 
1d TRe river deposit 51.4 23.7 18.9 6 
11 TRe Farm soil 75.4 12.1 8.8 3.8 
46a TRe top soil 45.2 5.8 25 24 
50a TRe top soil 62.2 13.3 19.6 4.8 
50b TRe sub soil 45 6 13.8 35.1 
50c TRe chunky bedrock 64.2 4.95 14.4 16.3 
44a TRe top soil 64 13.27 15.27 7.41 
49 Molteno (TRm) top soil 75.7 8.3 7.9 8.1 
54 TRm top soil 59.4 10 16.3 14.7 
9 TRm farm soil 77.5 8.6 8.5 5.4 
17a TRm top soil 58.4 10.9 14.9 15.7 
3b Tarkastad (TRt) alluvium 59 8.6 14.3 18.1 
10 TRt top soil 59.1 10.8 14.4 15.7 
20a TRt top soil 51.9 12.3 24.9 10.9 
20b TRt sub soil 42.7 5.7 19.7 31.9 
20c TRt chunky bedrock 24.4 12.2 32.7 30.7 
20d TRt river deposit 60.5 7.7 6.2 25.6 
26 TRt chunky bedrock 60.5 11.8 17 10.8 
27a TRt alluvium 52.8 6.3 17.2 23.8 
29 TRt alluvium 31.2 8.5 22.5 37.8 
59 TRt top soil 70 5.7 13.3 11 
55a TRt top soil 63.4 11 15 10.5 
76 Adelaide (Pa) top soil  72.9 10.9 9.9 6.2 
58 Pa top soil  63.9 9 14.7 12.4 
31 Pa top soil  52.8 18 20.5 8.7 













Table 3.2: Grain size distribution of river suspended sediments, river bank (RB) and 
paleoflood (P) deposits 
Sample no Source River  Sand>63µm Coarse Silt 38-63µm Fine silt-38µm Clay <2µm 
AN1 River sus 13 19 59.9 9 
CLDN River sus 28 23 44 4.6 
FSB River sus 4.9 12.8 67 14.5 
Bundi RB Orange  24.7 42 28.2 5.1 
AN1 RB silt Orange  84.6 10.4 3.8 1.2 
AN1 RB mud Orange  62.4 26.6 9.7 1.3 
AN1 RB Clay Orange  39.4 2.6 48 10.1 
Vaal RB Vaal  37.6 16.7 28.9 16.8 
CLDN RB Caledon  62.4 26.6 9.7 1.3 
CLDN RB clay Caledon  42.9 16.1 22.9 18 
CLDNc RBa  Caledon  41 27.7 25 6.3 
CLDNc RBb  Caledon  56.8 20.1 16 7 
CLDN P Caledon paleo 20.1 13.4 49.2 17.2 
Vaal P Vaal paleo 49.3 12.1 26.7 11.9 
AN1 P Orange Paleo 59.6 23.3 14.4 2.7 
 
Suspended sediment load calculations were carried out for all the rivers sampled in 2006 and 
2007 (Table 3.3). The Orange River had 2.6 g sediment per litre at Aliwal North (AN1),with 
the river flowing at a speed of 0.5 m/s on the outer banks where sampled. Suspended river 
sample taken from the river bank at the Free State Border Bridge (FSB) had 3.4 g/l, where 
the river was flowing at 1 m/s in the middle of the river. Caledon River (CLDN) had 3.0 g/l 
with the river flowing at 2.6 m/s. Kraai River had 0.22 g/l, while its tributary at Barkly East 
had 0.05 g/l, but the flow velocity was not measured at this location. Regional rainfall was 
significantly less in 2007 (179.7 mm) compared to 2006 (548.8 mm) and sediment load 
measured in 2007 for the Orange River was 0.46 g/l at Aliwal North and 0.52 g\l at the 
Caledon River N6 overpass and 0.058 g/l at Vioolsdrift 150 km from the Orange River 
mouth. Vaal River near the town of Douglas sampled in 2007 had a suspended load of 0.02 













Table 3.3: Suspended sediment load of river samples in dried grams/ litre. 
Suspended Loads Sample No Location  2006 2007 
Orange River      
 Bundi Bundi Vioolsdrift  0.058 g/l 
 AN1 AN1 Aliwal North  2.6 g/l 0.46 g/l 
 FSB FSB Free State border bridge  3.4 g/l  
      
Caledon River Caledon CLDN N6 bridge  3.0 g/l 0.52 g/l 
      
      
Vaal River  Vaal Douglas  0.02 g/l 
      
Kraai River  Kraai B.E Barkly East 0.05 g/l  




The sandstones of the Beaufort Group are quartz wackes, they are made up of medium 
grained sub rounded to well rounded equigranular grains (Figure 3.1: Tarkastad). Quartz is 
the dominant mineral and feldspar minerals are predominantly plagioclase, minor amounts 
of mica can be seen in the muddy matrix. Some minerals show an indication of weathering 
and iron oxide- staining is common. Stormberg Subgroup shows a decrease of quartz 
content and an increase in feldspar and interstitial minerals from the basal Molteno 
Formation to the Clarens Formation which is in agreement with the findings of Sumner et al. 
(2009). Rock fragments are uncommon and comprise combinations of quartz, feldspar, and 
mica. Elliot Formation mudstones are  intensively red stained with quartz, feldspar and iron 
oxide as major minerals, they consist of medium to fine grained, sub rounded to well 
rounded grains (Figure 3.1: Elliot). Clarens Formation sandstone is composed of quartz, 
feldspar and rock fragments, the grains are angular to sub rounded and are poorly sorted, 
lithic fragments make up the major component of the rock and quartz is the dominant 
mineral (Figure 3.1: Clarens). Clarens Formation includes clay and mica minerals as well as 
calcite cement.The basalt bedrock consists of plagioclase, olivine, orthopyroxene and 












the major mineral present within the basalts and clinopyroxene is the second most dominant 
mineral. The crystals exhibit an extensive range of sizes from 0.05 to 4 mm in length (Figure 
3.1: Basalt). The majority of the clinopyroxenes appear to be unaltered or only slightly 
altered. Partial alteration to brown-green clay and/or chlorite along crystal boundaries and 
within cracks has occurred; there are also some dark minerals which might be opaque or 















Figure 3.1: Photomicrographs of petrographic thin sections from the Tarkastad, Elliot, 
















3.3.2 Mineralogy (XRD) 
XRD analyses performed on the bulk soil samples show that the Karoo sedimentary rocks 
(Figure 3.2) are predominantly made up of quartz with feldspar as the next most abundant 
non-clay mineral present in most of the samples, but in minor amounts. Calcite is present in 
trace amounts in some soils. The bulk sedimentary soils include a poorly developed smectite 
and illite peak and sometimes an amorphous matter peak (most likely organic matter or iron 
oxides) on bulk samples (Appendix B). The clay fraction XRD analyses show illite and 
smectite are prominent peaks while chlorite is not well developed in the Karoo sedimentary 
rocks (Appendix B). The Drakensberg Group shows well-developed smectite and feldspar 
peaks but no illite peak (Figure 3.3). Smectite is the dominant mineral in the bulk 
composition of the basalt rocks, but the peaks for quartz are less developed when compared 
to the sedimentary rocks.  The feldspar peak is in basaltic soils better developed when 
compared to the sedimentary rocks. The clay size fraction shows more distinctive and better 
developed smectite peaks and illite peaks are absent (Figure 3.3). Suspended river sediments 
of the Caledon River (Figure 3. 4) are dominated by quartz and feldspar in bulk samples and 
smectite dominates over illite in the clay size fraction. 
 
























Figure 3.4: XRD scans of the suspended load samples 
 
3.4 Geochemistry 
3.4.1 XRF elemental composition 
Paleoflood deposits and soil samples have high Si02 contents of 55-80% (Table 3.4 and 3.5). 
The paleoflood deposits have a similar concentration of major elements Al2O3 and Fe2O3 to 






















lower silica content (45 to 52 wt% SiO2; Tables 3.4 and 3.5) than the sedimentary rock soils 
(58 to 88 wt% SiO2). The silica content increases with depth in sedimentary rock soil profile 
samples (Samples 50, 1 and 20). The silica content of the river suspended sediment samples 
is slightly higher than in the basaltic soils. Aluminium concentration is higher than in both 
the river suspended sediments and the basaltic soils, with samples 63 and 27b having the 
highest values. The total iron content of the river suspended sediment samples is similar to 
the sedimentary rock soils, and lower than the basaltic rock soils. The river bank deposits 
and paleoflood deposits show similar amount of iron content to the river suspended 
sediments (Table 3.5). Caledon River bank deposits show a relatively higher iron content 
when compared to the other rivers in the study area (Table 3.5). 
 
The concentration of manganese and phosphorus is relatively low and does not change much 
in basaltic, sedimentary and river suspended sediment samples. Titanium and sodium values 
are high in basaltic rocks and moderately high in the river suspended sediments while low in 
sedimentary rocks. Potassium is higher in sedimentary rocks and the Caledon River 
suspended sediment load while relatively low in the Orange River suspended sediment load 
and in basaltic soils. Magnesium and calcium oxides are higher in basaltic soils and are 
relatively high in the river suspended sediment load and they decrease down the soil profile 
(Table 3.4). The calcium and magnesium oxide contents of the sedimentary soils are low.  
 
The trace element analysis shows that the abundance of Zn, Cu, Ni and, to a lesser extent, Cr 
and V is greater in basaltic soils than in the sedimentary rock soils (Table 3.4). There is 
more Zr and Ba in the sedimentary soils compared to the basaltic soils. The river suspended 
sediments fall in-between the sedimentary and the basaltic soils, but are more similar to the 












sedimentary rocks, with the Caledon River having higher values when compared to Orange 
















Table 3.4: Major (wt%) and trace (ppm) element composition of soil samples taken from the surface and  from soil profiles. 
Bed rock Clarens Clarens Clarens Clarens Elliot Clarens Elliot Elliot Elliot Elliot 
Sample 25 15 2a 2b 16 11 1b 1c 1d 
SiO2 62.4 79.3 79.4 84.5 76.3 85.8 63.6 72.1 79.0 
TiO2 1.0 0.5 0.4 0.6 0.7 0.5 0.7 0.6 0.5 
Al2O3 14.6 9.3 9.9 6.5 11.0 3.2 15.9 11.0 7.8 
Fe2O3 8.1 1.7 1.8 1.9 3.0 1.7 5.6 4.4 1.7 
MnO 0.0 0.0 0.0 0.1 0.1 0.0 0.1 2.7 0.1 
MgO 0.9 0.8 0.7 0.5 0.7 0.3 1.4 0.8 0.6 
CaO 1.1 0.6 0.4 0.4 0.5 0.5 1.1 0.6 1.4 
Na2O 0.4 1.9 2.0 0.7 0.9 0.1 0.8 1.3 1.4 
K2O 1.2 2.5 2.6 1.6 2.2 0.9 2.9 2.5 2.1 
P2O5 0.1 0.1 0.0 0.1 0.0 0.3 0.0 0.2 0.1 
SO3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 
Cr2O3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
NiO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
H2O- 1.9 1.7 0.6 0.1 0.3 0.2 0.9 0.2 0.2 
LOI 7.8 1.7 1.5 2.9 4.3 6.5 6.9 3.6 4.8 
Total 99.6 100.2 99.3 99.8 100.1 100.0 100.1 99.9 99.5 
Bed rock Clarens Clarens Clarens Clarens Elliot Clarens Elliot Elliot Elliot Elliot 
sample no 25 15 2a 2b 16 11 1b 1c 1d 
Mo <1 <1 <1 <1 <1 <1 <1 17 <1 
Nb 41 31 25 27 36 29 39 34 28 
Zr 597 1314 676 1026 938 1116 494 614 962 
Y 69 78 43 48 72 49 79 65 47 
Sr 188 350 387 153 269 139 293 393 315 
U <4 <4 <4 <4 <4 <4 <4 <4 <4 
Th 16 19 8 20 26 25 34 21 15 
Rb 139 230 221 162 290 149 404 281 202 
Pb 36 61 44 37 55 45 50 48 48 
Zn 101 28 37 34 53 66 131 54 32 
Cu 66 10 8 11 15 18 29 16 11 
Ni 50 4 7 5 12 6 19 22 7 
Co 23 <2 <2 6 9 4 15 46 5 
Mn 208 108 264 367 457 312 753 321 430 
Cr 274 22 27 44 52 61 80 43 37 
V 269 28 30 41 61 44 80 65 36 














Table 3.4: Continued 
Bedrock Molteno Molteno Molteno Molteno Tarkastad Tarkastad Tarkastad Tarkastad Tarkastad Tarkastad Tarkastad Adelaide Adelaide 
Sample 17a 17b 17c 9 20a 20b 20c 20d 3a 27a 27b 31 32 
SiO2 79.3 69.7 70.8 89.1 69.8 83.4 70.5 74.4 86.8 81.8 63.7 75.6 71.0 
TiO2 0.6 0.8 0.8 0.5 0.7 0.5 0.7 0.7 0.5 0.6 0.6 0.8 0.7 
Al2O3 8.7 12.9 13.4 3.3 10.1 7.5 12.4 10.5 5.8 7.3 17.7 9.5 12.2 
Fe2O3 3.4 4.2 2.5 2.3 4.4 2.6 4.9 3.9 1.2 2.9 6.6 4.0 4.4 
MnO 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.1 0.1 
MgO 0.8 0.9 0.9 0.4 1.4 0.5 1.8 0.8 0.3 0.6 0.8 0.9 1.0 
CaO 0.5 0.3 0.3 0.3 1.5 0.3 2.0 0.6 0.2 0.5 0.3 1.1 1.4 
Na2O 0.6 1.1 0.9 0.4 0.8 0.1 0.7 0.6 0.3 0.5 0.2 0.9 1.4 
K2O 1.9 2.6 2.7 0.9 1.6 1.3 1.8 1.8 1.2 1.1 2.2 1.5 1.9 
P2O5 0.0 0.0 0.0 0.1 0.1 0.0 0.1 0.1 0.0 0.0 0.1 0.1 0.1 
SO3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Cr2O3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
NiO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
H2O- 0.1 4.7 4.6 0.1 0.2 0.8 0.9 1.0 0.8 0.7 0.2 1.0 0.7 
LOI 3.3 2.9 3.1 2.1 8.9 2.7 4.5 5.6 2.7 3.6 7.7 4.5 4.6 
Total 99.4 100.1 100.2 99.4 99.6 99.7 100.2 100.0 99.9 99.8 100.1 99.9 99.5 
Bedrock Molteno Molteno Molteno Molteno Tarkastad Tarkastad Tarkastad Tarkastad Tarkastad Tarkastad Tarkastad Adelaide Adelaide 
sampe no 17a 17b 17c 9 20a 20b 20c 20d 3a 27a 27b 31 32 
Mo <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 
Nb 31 47 48 27 44 35 35 39 26 31 33 35 37 
Zr 1361 871 1004 1579 579 939 723 959 1380 966 695 1016 820 
Y 58 105 133 33 93 64 75 75 34 58 65 61 72 
Sr 187 223 223 86 414 245 251 236 119 159 144 243 345 
U <4 <4 4 <4 <4 <4 <4 9 <4 <4 <4 <4 <4 
Th 24 43 42 12 45 23 27 30 10 20 34 23 21 
Rb 210 416 457 94 286 187 246 250 96 157 363 184 239 
Pb 66 69 56 45 77 54 52 59 35 45 53 50 44 
Zn 52 83 87 28 134 77 82 66 29 50 87 66 78 
Cu 18 14 16 10 10 39 34 21 9 17 21 27 30 
Ni 18 13 14 6 13 32 29 18 8 13 28 21 21 
Co 15 12 11 3 12 15 17 13 <2 9 20 11 14 
Mn 608 311 324 181 358 821 563 624 137 376 560 654 533 
Cr 77 45 52 61 51 108 106 74 34 75 98 108 87 
V 76 65 70 53 81 85 96 78 32 66 123 92 82 













Table 3.4: Continued 
Bedrock Basalt Basalt Basalt Basalt Elliot Elliot Elliot Elliot Elliot Elliot Malteno Malteno Malteno Tarkastad Tarkastad 
Sample 38a 38b 36 42 33 44a 46a 50a 50b 50c 54 49 58 55a 76 
SiO2 45.4 50.9 51.6 49.6 77.7 75.9 59.9 55.9 73.5 79.3 76.5 78.9 72.7 74.1 78.9 
TiO2 1.1 1.4 1.8 1.1 0.5 0.5 0.4 1.0 0.6 0.5 0.6 0.6 0.6 0.7 0.7 
Al2O3 14.0 13.5 13.9 13.5 9.9 8.0 16.8 13.4 10.0 7.6 8.6 8.0 8.9 9.6 7.9 
Fe2O3 10.9 10.2 12.6 10.7 3.6 2.2 5.8 9.4 4.3 3.2 3.7 3.4 3.2 4.2 2.5 
MnO 0.2 0.2 0.2 0.2 0.0 0.2 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 
MgO 6.1 3.4 4.7 6.2 0.8 0.9 2.0 4.3 1.1 0.7 1.1 1.5 1.3 1.2 0.9 
CaO 7.0 3.8 5.6 7.5 0.3 2.9 1.1 5.5 1.9 0.9 1.2 1.9 2.5 1.0 1.5 
Na2O 2.0 1.8 2.3 2.1 0.7 1.7 0.5 2.3 0.8 0.8 1.3 1.7 1.9 1.6 1.9 
K2O 0.9 1.2 0.9 0.8 1.6 2.0 1.5 1.1 1.6 1.4 1.3 1.5 2.2 1.5 1.9 
P2O5 0.2 0.1 0.1 0.1 0.1 0.1 0.0 0.1 0.1 0.0 0.1 0.1 0.1 0.1 0.1 
SO3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 
Cr2O3 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
NiO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
H2O- 3.2 4.1 1.7 2.6 2.3 1.0 3.0 2.6 1.9 1.3 1.8 1.0 1.4 1.8 0.9 
LOI 9.5 9.9 4.7 6.4 2.6 4.6 8.6 4.7 4.8 3.6 2.8 2.3 5.8 4.2 2.7 
Total 100.6 100.4 100.1 100.8 100.1 99.8 99.8 100.4 100.6 99.4 99.1 100.9 100.8 100.2 100.0 
Bedrock Basalt Basalt Basalt Basalt Elliot Elliot Elliot Elliot Elliot Elliot Malteno Malteno Malteno Tarkastad Tarkastad 
Sample 38a 38b 36 42 33 44a 46a 50a 50b 50c 54 49 58 55a 76 
Nb 9 12 12 7 8 9 14 9 9 9 8 9 9 11 8 
Zr 86 164 186 114 333 376 138 163 282 362 289 321 248 330 300 
Y 17 17 17 16 19 22 37 18 22 23 20 17 19 22 16 
Sr 121 101 107 130 33 80 42 127 60 39 77 74 162 70 136 
Rb 12 21 16 14 46 50 56 23 53 45 39 36 53 43 45 
Pb <5 <5 <5 <5 6 7 21 <5 <5 7 5 <5 9 5 <5 
Zn 153 92 81 96 35 30 73 86 48 30 42 28 39 44 20 
Cu 106 87 84 86 32 25 34 83 40 34 38 34 32 39 27 
Ni 123 130 97 116 57 48 51 109 59 59 58 62 54 64 51 
Co 40 41 44 45 9 7 10 38 11 15 14 12 10 14 8 
Mn 1235 1220 1603 1258 196 1199 559 1205 329 631 648 456 447 665 347 
Cr 299 365 330 379 99 66 76 265 110 99 118 134 103 118 99 
V 224 246 364 273 74 44 57 203 82 65 81 80 72 87 54 
Ba 234 323 281 236 358 440 624 336 330 399 367 346 525 417 481 
Sc 33 34 42 38 10 7 11 37 13 9 11 10 9 12 8 














Table 3.5: Major (wt%) and trace (ppm) element composition of river suspended load, river bank (RB) and paleoflood (P) deposits 
(nm = not measured). 






















RBb Vaal P Vaal RB FSB AN1 CLDN 
SiO2 70.0 75.2 62.0 66.4 62.5 59.4 56.9 67.9 71.3 66.1 72.3 78.7 62.47 65.64 62.47 
TiO2 0.8 0.7 0.6 0.7 0.8 0.8 1.1 0.7 0.7 0.8 0.7 0.5 0.78 0.80 0.97 
Al2O3 11.3 9.8 10.5 14.5 13.5 13.2 11.1 12.1 11.1 11.8 9.6 8.3 13.58 13.10 16.32 
Fe2O3 4.4 3.3 5.2 5.1 5.6 7.5 9.6 4.8 4.7 6.5 4.5 2.4 6.14 5.51 5.80 
MnO 0.1 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.1 0.1 0.1 0.1 0.12 0.11 0.12 
MgO 1.2 1.0 2.4 1.3 1.9 4.1 5.3 2.1 1.6 2.3 2.5 1.2 3.03 2.45 1.60 
CaO 1.0 0.9 3.7 0.5 1.9 5.1 5.1 2.8 1.8 3.4 3.0 1.5 3.68 2.78 0.99 
Na2O 1.0 1.2 1.1 0.9 1.2 1.8 1.1 1.7 1.0 1.3 1.4 1.5 1.35 1.25 0.51 
K2O 2.2 2.1 1.9 3.5 2.2 1.2 1.0 1.9 1.7 1.3 1.4 2.2 1.11 1.34 2.21 
P2O5 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.10 0.09 0.09 
SO3 0.0 0.0 0.3 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.1 nm nm nm 
Cr2O3 0.0 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.0 0.1 0.0 0.0 0.05 0.04 0.05 
H2O- 2.5 1.8 3.5 1.1 2.8 2.2 2.3 1.7 0.8 0.9 1.0 0.9 nm nm nm 
LOI 5.3 4.2 8.8 5.3 7.4 4.6 6.1 3.8 5.2 4.3 3.2 2.1 10.51 7.02 8.96 
NiO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 0.01 0.01 
Total 100.1 100.3 100.4 99.5 99.8 100.3 99.9 99.7 100.2 99.2 99.8 99.6 99.98 100.13 100.09 
                
Sample 














RBb Vaal P Vaal RB FSB AN1C CLDN 
Mo 6 2 <1.1 2 <1.1 <1.1 <1.1 <1.1 <1.1 <1.1 2 2    
Nb 15 13 11 15 15 10 11 12 30.0 26.9 11 10 1.0 3.0 8.0 
Zr 1082 570 225 333 225 198 136 269 916.4 787.4 418 400 183.0 232.0 203.0 
Y 63 40 22 23 30 24 27 28 58.6 48.0 30 27 28.0 28.0 33.0 
Sr 87 86 127 80 108 170 107 155 297.5 362.3 117 104 133.0 120.0 88.0 
U <3.6 <3.6 <3.6 <3.6 <3.6 <3.6 <3.6 <3.6 <3.6 <3.6 <3.6 <3.6 31.0 38.0 80.0 
Th 19 12 8 17 13 5 5 8 13.1 8.2 9 7 nm nm nm 
Rb 92 72 71 149 89 36 35 68 170.5 114.2 42 58 nm nm nm 
Pb 16 15 12 26 15 7 9 11 42.5 27.5 9 9 4.0 57.0 20.0 
Ba 468 433 377 750 414 291 330 403 nm nm 316 407 279.0 268.0 473.0 
Sc 16 13 17 15 19 27 33 16 nm nm 17 10 NM NM NM 
Co 12 11 19 12 17 29 37 17 18.2 26.6 47 8 32.0 28.0 28.0 
Mn 420 450 907 758 835 1068 1471 563 634.6 762.9 685 304 NM NM NM 
Cr 145 113 137 74 124 228 278 140 141.8 231.9 388 123 125.0 114.0 101.0 
V 89 70 94 82 105 177 215 90 104.4 152.4 88 51 106.0 90.0 84.0 
Zn 76 63 88 100 89 83 103 76 63.74 74.83 58 39 57.0 58.0 71.0 
Cu 30 27 43 18 51 54 76 36 40.16 37.52 34 18 11.0 10.0 11.0 
Ni 64 62 82 53 74 87 101 69 31.20 45.05 71 56 77.0 67.0 64.0 












3.4.2 Percent carbonate, and organic carbon content and isotope composition (δ13C) 
The calcium carbonate content of the soils ranges from 0.1 to 13.9 wt% and the organic 
carbon content ranges from 0.08 to 2.6 wt% (Table 3.6). The percentage of organic carbon is 
relatively high in basaltic soils (1.2-2.6 wt %) compared to the Beaufort and Stormberg 
groups sedimentary rock soils (0.2-2.1 wt %), with the Tarkastad Formation having the 
highest organic carbon content of 2.1 wt%. The average total organic carbon content 
decreases with soil depth (Sample 20a-c). The river suspended sediments total organic 
carbon content is similar to the sedimentary bedrock soils, ranging from 0.9-1.3 wt% 
Calcium carbonate content and organic carbon content of river bank and paleoflood deposits 
are similar to that of Karoo sedimentary rocks. There is significant variation in calcium 
carbonate concentration within the Karoo sedimentary rock soils, basaltic soils and 
suspended river sediments. The Caledon River has the highest calcium carbonate content of 
13.9 wt% followed by basaltic soils which range from 5.5-10.5 wt% while the Clarens 
Formation has the lowest calcium carbonate content of 0.05 wt%. The paleoflood deposit of 
the Vaal River (Vaal P) has the highest calcium carbonate content of 11.1 wt% when 
compared to the other river bank and paleoflood deposits (Table 3.7). The δ13C values of the 
organic carbon in the soil samples within soils overlying the Tarkastad Formation show a 
wide variation and range from -26.3 to -10.7‰ PDB. The river bank and paleoflood deposits 
show relatively less variability in δ13C with values from -14.9 to -23.07‰ PDB. The River 













Table 3.6: Calcium carbonate and organic carbon content (wt%) and carbon  
isotope composition of organic matter from soils and weathered 
bedrock (D=duplicate OC and δ13C sample) 
Sample no Bedrock CaCO3 (wt%) OC (wt%)  δ 13C(PBD) 
38a Basal top soil 10.49 2.39 -18.4 
38a (D) Basalt top soil 10.49 2.63 -18.51 
38b Basalt subsoil? 8.25 2.26 -12.66 
36 Basalt top soil 5.5 1.9 -13.31 
42 Basalt top soil 9.47 1.22 -16.15 
25 Basalt top soil 4.71 0.58 -18.74 
2a Clarens top soil 0.05 0.28 -19.79 
2b Clarens bed rock 0.35 0.08 -25.3 
15 Clarens top soil 3.71 0.08 -24.59 
33a Clarens top soil 2.94 0.72 -15.25 
33a (D) Clarens Top soil 2.94 0.71 -14.9 
16 Elliot and Clarens top soil 1.85 0.52 -16.22 
1a Elliot top soil 0.60 0.45 -18.61 
1b Elliot subsoil 2.65 0.70 -16.46 
1c Elliot bed rock 0.10 0.10 -23.22 
1d Elliot RB deposit 4.61 0.48 -22.33 
11 Elliot  farm soil 1.70 1.83 -19.94 
44a Elliot top soil 7.09 0.59 -21.45 
44a (D) Elliot top soil 7.09 0.61 -21.41 
46a Elliot top soil 4.72 0.87 -12.98 
50a Elliot top soil 7.5 0.26 -16.17 
50b Elliot sub soil 6.07 0.23 -17.81 













Table 3.6: Continued 
Sample no Bedrock  CaCO3 (wt%)   OC (wt%)  δ 13C(PBD) 
58 Molteno top soil 6.16 1.48 -17.53 
49 Molteno top soil 3.49 0.32 -18.38 
54 Molteno top soil 3.82 0.49 -15.04 
9 Molteno farm soil 0.35 0.20 -19.6 
17a Molteno  top soil 2.64 0.56 -19.72 
17c Molteno  bedrock 8.30 0.06 -25.4 
3a Tarkastad top soil 3.05 0.21 -18.72 
3b Tarkastad RB deposit 3.45 0.12 -18.86 
20a Tarkastad  top soil 6.31 2.11 -21.28 
20b Tarkastad sub soil 3.80 0.82 -16.3 
20c Tarkastad bed rock 1.30 0.07 -26.03 
20d Tarkastad RB deposit  2.15 1.07 -19.69 
10 Tarkastad top soil 2.00 0.35 -15.75 
27a Tarkastad alluvium 3.64 0.35 -16.3 
27b Tarkastad top soil 1.65 0.51 -14.22 
71 Tarkastad top soil 0.55 0.86 -10.64 
55a Tarkastad top soil 4.74 0.82 -14.26 
55a (D) Tarkastad top soil 4.74 0.86 -14.63 
76 Adelaide top soil 3.23 0.42 -19.89 
76 Adelaide top soil 3.23 0.37 -19.8 
31 Adelaide top soil 2.60 0.43 -14.12 
32 Adelaide top soil 3.70 0.54 -14.87 
 
Table 3.7: Calcium carbonate and organic carbon content (wt%) and carbon  
isotope composition of organic matter of river suspended sediments, 
river bank and paleoflood deposits(D=duplicate OC and δ 13C sample).  
Sample no Source River CaCO3 (wt%) OC (wt%)  δ 13C (PBD) 
CLDN P Caledon N6 1.35 0.15 -18.88 
CLDN RB Caledon N6 1.40 0.50 -19.88 
CLDN RB Clay Caledon N6 1.85 0.64 -22.94 
CLDNc RBa Caledon Clocolan 1.20 0.98 -18.59 
CLDNc RBb Caledon Clocolan 3.45 0.24 -14.97 
AN1 P Orange Aliwal north 1.30 0.37 -17.03 
AN1 RB Clay Orange Aliwal north 2.90 1.14 -23.07 
AN1 RB Silt Orange Aliwal north 1.50 0.36 -21.69 
AN1 RB Mud Orange Aliwal north 2.95 0.76 -18.42 
Vaal P Vaal 11.11 0.46 -20.96 
AN1 Orange Aliwal north 7.82 1.19 -19.47 
AN1 (D) Orange Aliwal north 7.82 1.01 -19.74 
CLDN Caledon N6 13.91 0.86 -16.88 
CLDN (D) Caledon N6 13.91 1.04 -17.05 
FSB Orange Border 7.55 1.25 -18.57 













4.1 Bedrock and soils in the catchment area 
The suspended load of rivers in the study area may be derived from the erosion of soil 
sediments or from the erosion of bedrock in the catchment area. One of the objectives of this 
study is to try and distinguish the relative importance of these two sediment load sources. 
Chemical weathering of bedrock commonly results in changes in mineralogy and elemental 
composition of overlying soils and it is these differences which are outlined here. It is then 
argued what these differences imply in terms of the source of sediment to the river 
suspended load. Soils in the catchment area vary in composition due to physical and 
chemical weathering of the different types of bedrock in the catchment. The chemistry of the 
soils is expected to be closely related to that of the bedrock from which the soils are derived 
and can be used to trace the source of sediment carried by rivers.  
 
There is a relative decrease in quartz content from the Beaufort Group to the Clarens 
Formation accompanied by an increase in feldspar. The Elliot Formation shows a relatively 
higher clay content in its mudstone composition compared to the other Karoo sedimentary 
formations. The texture varies from angular, poorly sorted and coarse-grained sandstone of 
the Clarens Formation to a well rounded and well-sorted mudstone of the Adelaide and 
Elliot formations. The textural variation assists in understanding the evolution of the rock 
formations; the Adelaide and Elliot formations are texturally mature and distal in origin 
while the Clarens Formation is immature and proximal in origin (Turner, 1985). According 
to Sumner et al. (2009) the Clarens Formation is harder and more resistant to weathering 
and subsequent erosion than the siltstone and mudstone of the Elliot Formation; this 













The minerals of the Karoo sedimentary rocks consist of quartz, feldspar, minor calcite and 
variable amounts of mica and organic matter, which corresponds to the petrographic work 
done by Beukes (1970) and Eriksson (1981) stating that sandstones consist of 35-90% 
quartz, 20% feldspar and 10-60% matrix. The matrix normally consists of silica and calcite 
cement. Feldspars and mica in the Karoo sedimentary rocks are altered to clay minerals illite 
and smectite during chemical weathering. The mudstones have a similar mineralogy to the 
sandstones but tend to have more clay minerals.  
 
The XRD analysis shows that the clay size (<2 um) fraction of Karoo Supergroup 
sedimentary bedrock soils is made up of quartz, feldspar, illite and some smectite, but in 
areas where profile sampling has been conducted, smectite is absent in deeper soils. This 
may reflect the in place weathering of illite to smectite as well as allochthonous smectite 
eroded from basaltic soils and deposited on Karoo sedimentary soils. The presence of illite 
throughout the profile indicates that illite is derived from the weathering of the bedrock 
 
The basalt bed rock samples are dominated by plagioclase, orthopyroxene, olivine and 
clinopyroxene and these minerals are largely altered to clay minerals such as smectite during 
chemical weathering (Best and Christiansen, 2001). From the work cited by Sumner et al. 
(2009) it was found that the main cause of basalt deterioration is the expansion of swelling 
clays and the volume changes in the clay minerals that occurs as soon as they are exposed to 
moisture changes. Smectite was the only mineral identified in the clay fraction XRD 
analysis of basaltic soils while illite peaks were absent. Smectite (montmorillonite) clay 
minerals are derived from the alteration of olivine and plagioclase and they are present as 













Soils derived from basalt bedrock have low SiO2 contents with bulk samples having an 
averaging of 45 wt% SiO2 reflecting the low SiO2 content of minerals making up basalt 
bedrock. Soils derived from Karoo sedimentary rocks have a high SiO2 content (65 wt%) 
compared to basalt. The average Al2O3content of Karoo sedimentary rocks of 9.7wt% 
(ranging from 3.2 and 15.9 wt%) is lower than basaltic soils which have an average Al2O3 
content of 13 wt%. The high concentration of aluminium and iron in basaltic soils is due to 
the presence of minerals with high iron content such as pyroxenes and olivine and high 
aluminium minerals like plagioclase feldspar. High concentrations of CaO and MgO in 
basalt soils are derived from plagioclase and clinopyroxene while low concentrations of 
these elements in sedimentary soils are due to low concentration of these Ca and Mg bearing 
minerals. Soil samples collected from the farms located on Karoo sedimentary bedrock are 
sandy and consist of >85% quartz (SiO2) sand. The concentration of quartz sand may have 
resulted from the preferential erosion of finer material by wind and runoff during irrigation 
and rainfall events. The Al2O3 content of the farm soils is low and likely reflects the loss of 
fine grained Al-rich clay minerals from the soil. 
 
Na2O and TiO2 concentrations are relatively high in basaltic soils compared to Karoo 
sedimentary soils due to the presence of plagioclase. Clarens Formation soils have a 
relatively high Na2O content compared to the other Karoo sedimentary soils which reflects 
the increase in feldspar in the sandstone composition and maybe to a lesser extent the 
mixture of sandstone and basalt derived soils in stream alluvium. K2O and Rb are high in 
Karoo sedimentary soils from the presence of illite, mica and K-feldspar minerals. There is a 
high concentration of Zr, Ba, and Rb in Karoo sedimentary rocks from mica and K-feldspar 
minerals, which are compatible to host those trace elements. High Zn, Cu, Ni, Cr, and V 
concentrations in basalt bed rock samples reflect the compatibility of basalt minerals for 












basaltic soils since basalt does not have any minerals compatible to host Ba (samples from 
the second trip were not analyzed for Ba). Both the basalt and the sedimentary soils do not 
have minerals compatible to host V. Therefore, V could be from accessory minerals found in 
both the soils, for example, vanadium-bearing magnetite. 
 
To further differentiate the basalt sourced soils from Karoo sedimentary sourced soils 
element ratios can be used because the suspended load generally provides an integrated, 
homogeneous sampling of the eroded catchment bedrock and soil. The major oxide ratio 
(Mg+Na)/K is high (mean value of 7.9) for the basalt soil end member whereas the Karoo 
sedimentary rock soil end member has a low mean value of 1.4 (Figures 4.1 and 4.2). The 
trace element ratio (Rb+Ba)/ (Ni + Cr + V) also discriminates between basalt (mean of 0.4) 
and Karoo sedimentary rock soils (mean of 2.0) (Figure 4.2). The major oxide ratio shows 
more variability in basalt than in Karoo sedimentary rock soils and vice versa in the case of 
the trace element ratio (Figure 4.2). Major oxide ratio of the Karoo sedimentary rocks is 
below 2.5, except sample 50a. Both major and trace element ratios show that sample 50a has 
a more basalt signature compared to the other Karoo sedimentary rock soils. Sample 50a 
was collected close to a dolerite dyke and the topsoil composition might have been 














Figure 4.1: Ratio of major elements (Mg+Na)/K determined by XRF for bulk soil 














Figure 4.2: Ratio of major elements (Mg+Na)/K and trace elements (Rb + Ba)/ (Ni + Cr 
+ V) determined by XRF for bulk soil samples collected in February 2006. 
 
4.2 Source of the river suspended load, riverbank deposits and paleoflood 
deposits 
4.2.1 River suspended sediments  
In addition to suspended sediment samples collected from rivers, the modern river bank and 
older, more elevated paleoflood river bank deposits were sampled. Riverbank and 
paleoflood deposits provide an abundant source of previous suspended sediment loads, 












comparison of suspended sediment, riverbank and paleoflood deposits provide data on how 
the sediment load composition and geochemistry has varied over time.  
 
The sediment suspended loads of rivers vary in composition due to source-rock diversity in 
the catchment areas, physical and chemical weathering properties of these source rocks and 
the transport pathways within the fluvial system (Johnson et al., 1996). Geology, mineralogy 
and chemical composition of the source rocks and their soils as discussed above in 
comparison to the composition of the suspended sediments in the rivers should be able to 
give some clues as to source of suspended sediments of the upper Orange River. In this 
section, the mineralogy and chemical composition of the sediment suspended load, river 
bank and paleoflood deposits is compared to bedrock and soil sources to determine possible 
sources within the catchment. 
 
4.2.1.1 Orange River 
The suspended sediment load of the Orange River and its small tributaries varies depending 
on the sample site and the period the samples were taken. The river bank deposit samples are 
brown to dark brown sediments deposited out during higher river water levels, and were 
collected from Aliwal north (AN1) and at Vioolsdrift (Bundi). 
The sediments from the mud and clay river bank deposits contained fine silt and small 
fraction of clay (Figure 4.3). When comparing the river suspended sediments and soils in the 
upper Orange River catchment, sample site was found to be of importance depending on its 
geology and relief. Temporal and spatial distribution of rain events is important due to the 
amount of rain and the subsequent runoff of that period (Figure 1.3). The Orange River at 
the Free State border does not drain a large part of the Karoo sedimentary rocks when 
compared to the Orange River at Aliwal North (Figure 2.1 and Table 2.1). The relief, and 














Figure 4.3: Grain size distribution of river suspended load (three samples on the far 
right), river bank (RB) and paleoflood (P) deposits. 
 
River suspended load has higher fine silt content compared to the soils, paleoflood and river 
bank deposits. Paleoflood and river bank deposits have relatively high coarse silt content. 
Low sand and coarse silt content in suspended load indicates the preferential erosion of the 
finer grained materials from soils and the sampling of the surface flow of the river with 
much of the sand carried near or on the river bed. The suspended load at Aliwal North and 
the Free State Bridge was high and the river water was brown to dark brown. In contrast, the 
suspended load of the Kraai River was very low and the river water was clear.  
The Kraai River where sampled mainly drains Drakensburg basalts (Figure 2.1and Table 
2.1). The banks of these basalt bedrock tributaries (Kraai B.E and Kraai N.E) had dark 
clayey soils tightly bound by abundant plant roots. It therefore appears that the dense 
vegetation cover (mostly grasses and shrubs) and hard basalt bedrock limit suspended 
sediment production, despite steep slopes and rapid flow rates. 
 
The greatest amount of sand and highest total suspended load occurs at the Free State Bridge 












sediment load is mostly related to the amount of runoff as seen in the much greater load 
during the higher rainfall period of 2006 compared to 2007 (Table 4.1). The sediment load 
of the Orange River has been greatly reduced by sediment trapping in dams as reflected in 
the low sediment load at the border crossing at Vioolsdrif (Bundi on the South African map 
insert in the geological map). Mean sediment discharge has dropped from 60 million t/year 
between1929 and 1969 to 17 million t/year after the building of major dams since 1970 
(Bremner et al., 1990).The reduction in total sediment load of 72% is similar to the mean 
sand and coarse silt content of 70.5% of soils from this study and suggests that most of the 
sand and coarse silt grains of eroded catchment soils are trapped by dams (Compton and 
Maake, 2007). 
 
Table 4.1: Suspended sediment load of the rivers sampled in grams/litre.   
Sample Number Location 
Site description 
Latitude Longitude Elevation (m) 2006 2007 
Bundi Vioolsdrif  0.058 g/l 28o41'08.6" 17o33'48.5" 150 
AN1 Aliwal North 2.6 g/l 0.46 g/l 30o41'10.5" 26o42'20.7" 1306 
FSB Free State border bridge 3.4 g/l  30o24'19.6" 27o20'14.1" 1368 
       
CLDN N6 Bridge 3.0 g/l 0.52 g/l 30o16'44.0" 26o39'16.7" 1329 
       
Vaal Douglas  0.022 g/l 29°04'17.9" 23°44' 17.9" 999 
       
Kraai BE Barkly East 0.05 g/l  30°57'08.6" 27°36' 24.3" 1754  
Kraai NE New England 0.22 g/l  30 °52' 09.0" 27°28' 40.5" 17 54 
 
4.2.1.2 Caledon River 
The Caledon River suspended load was sampled at the N6 Bridge near Smithfield (CLDN). 
River bank deposits of the Caledon River were sampled at the N6 Bridge near Smithfield 
(CLDN RB) and upstream of Clocolan town (CLDNc RB) where it forms the border 
between South Africa and Lesotho. River suspended sediment load was not collected at the 
Clocolan site as the suspended load was significantly lower than during the 2007 sampling 
trip (Table 4.1). River bank deposits at the N6 Bridge were sampled from an overall sandy 












sample of the river bank deposit (CLDN RB clay) was sampled at the same location 2 days 
later, from a mud rich layer on the river bank after the water level had dropped by 50 cm 
compared to when the first sample was taken.  The river bank sediments upstream of 
Clocolan (CLDNc RBa and b) were sandier compared to those sampled at the N6 Bridge. 
The Caledon River upstream of Clocolan drains areas with relatively high amounts of basalt 
bedrock (Table 2.1). Large parts of the tributaries of the Caledon River at the Clocolan site 
have their headwaters in the high relief Drakensberg Mountains (Figure 2.1). The Caledon 
River at the N6 bridge drains more Karoo sedimentary bedrock compared to the Clocolan 
site (CLDNc) further upstream (Figure 2.1 and Table 2.3). The Caledon River catchment 
drains relatively low lying areas (Figure 2.4). 
 
The suspended sediment load of the Caledon River has the least amount of sand because it is 
mainly draining relatively low-lying areas. Generally the Caledon River has a higher 
sediment load than the Orange River although the samples taken in 2006 show higher 
sediment load for the Orange River (FSB) (Table 4.1). The high sediment load is due to the 
Caledon River mainly draining the more erodible soils of the Karoo sedimentary rocks 
(Figure 2.1 and Table 2.1). Previous studies have shown that most sediment is transported 
during Orange River floods and that the Caledon River carries the largest proportion of fine 
mud (Harmse, 1974; Rooseboom and Harmse, 1979). The paleoflood and river bank 
deposits of Caledon River have relatively high clay contents (excluding the silty river bank 
deposits) compared to the Orange River which is consistent with the high clay content of the 
Caledon River in general. In the field, thin clay layers were observed on top of sand-rich 
layers on the river banks indicating the gravitational settling out of a fining upward river 
bank deposit (Figure 5.8). 
 












The low suspended load of the lower Vaal River (most of which was living green algae and 
not sediment) is related to the low topographic gradient of the Vaal catchment and the large 
dams upstream making the Vaal more of a lake than a river. The generally rocky, sediment-
starved river bed and banks, and small paleoflood deposits indicate a low sediment load of 
the Vaal River. Prior to the building of dams, the Vaal River contributed 22% of the mean 
total water discharge, but carried less than5% of the total sediment load of the Orange River 
based on Department of Water Affairs data collected between1928 and 1943 (Rogers, 1977). 
The paleoflood and river deposits of the Vaal River have relatively high clay and low sand 
contents compared to the Orange and Caledon rivers (Figure 4.3). The low sand to clay ratio 
of the Vaal River indicates that little sand is transported and deposited on its relatively small 
river bank and flood plains. 
4.2.2 Suspended sediments vs. bedrock  
When comparing the river suspended load to the bedrock they are draining it was observed 
in the field that clear running streams drain the Drakensberg basalt and Clarens Formation 
sandstone with low sediment loads of 0.05 g/l measured at Barkly East (B.E) and 0.22 g/l at 
New England (N.E). These low sediment loads indicate low levels of soil erosion from areas 
underlain by basalt bedrock. The highest suspended load appears to correlate with the site 
that drains the largest land area covered by the Elliot Formation (Table 2.1). The sediment 
load of the upper Orange River tributaries, and more especially the Caledon, only increases 
after the river has incised the relatively easily eroded mudstone of the underlying Elliot 
Formation and to a lesser extent mudstone beds of the Molteno Formation (Compton and 
Maake, 2007). The Elliot Formation consists mainly of mudstone while the more resistant 
Molteno Formation has resistant sandstone layers inter bedded with mudstone. Incision 
below the Elliot Formation is limited by underlying resistant Molteno Formation sandstone 












escarpment, constituting only 1.1% of the catchment area but providing a significant amount 
of the total Orange River mud flux (Compton et al., 2010). 
4.2.3 Mineralogy and Geochemistry 
The catchment area bedrock can be divided into two geochemical end members. Some have 
argued that the properties of sediments in water bodies generally differ from those of their 
sources as a result of differential transport and chemical transformations during transport 
(Rooseboom and Harmse, 1979), but the geochemistry of the suspended load in this study 
can be related to the two geochemical end members in the catchment. Due to the low 
sediment load in the Vaal River geochemical analyses were not done on the Vaal River 
suspended sediments. Sediment load derived from Karoo sedimentary rock soils can be 
differentiated from basalt soils due to the high concentration of quartz, K-feldspar and illite. 
X-ray diffraction profiles provide a qualitative estimate of these mineralogical differences 
but variations in the amount of clay minerals is difficult to quantify by XRD alone. 
Differences in mineralogy lead to differences in major and trace element geochemistry that 
are more easily quantified by XRF.  
 
There is a large difference in the chemistry and sediment loads of the Caledon River and the 
Orange River. In addition, there is some difference in the chemistry of the sediment load of 
the Orange River sampled at Free State Border, and that sampled at Aliwal North. There is 
also variation between the Caledon River sediments sampled near Clocolan town (CLDNc 
RB) compared to those sampled at the N6 Bridge (CLDN RB). The geology and relief 
drained by these rivers can be used to explain these differences.  
 
Difference between the upper Orange River sampled at FSB and Aliwal North (AN1) can be 
attributed to the fact that less upper Karoo sediments have been traversed by the river at FSB 












relief, geology and the nature of the vegetation. The Caledon River mainly drains relatively 
low-lying areas in comparison to the Orange River at both Aliwal North (AN1) and FSB. 
Tributaries draining the basalt bedrock have a very low sediment load, which suggests that 
the basalt bedrock and overlying soils are not easily eroded. Evidence from the field showed 
that the basaltic soils were tightly bound by the dense root mass of the grass vegetation, 
while most of the soils of the Karoo sedimentary rocks are not as densely vegetated. Binding 
of the soil by plant roots reduces the susceptibility of the soils to erosion. In general the 
Caledon River has a higher sediment load compared to the Orange River at Aliwal North 
(AN1) taking into consideration the velocity of the rivers. FSB has a higher sediment load 
compared to the Caledon (CLDN) and Aliwal North (AN1) because it drains a large area of 
high relief and  consequently has high run off during periods of heavy rainfall. 
 
The bulk sediment suspended load sampled from the Caledon River has higher 
concentrations of Al2O3, K2O, Zr and Rb in comparison to suspended sediment from the 
upper Orange River. The Caledon River suspended sediment has low concentrations of 
Na2O, CaO and MgO when compared to the upper Orange River. This is the manifestation 
of the Caledon not eroding the basaltic bedrock except at its uppermost reaches with basaltic 
soil input from erosion and runoff from the mountains during the high rainfall summer 
season. The high concentration of elements mentioned above in the Caledon River is a result 
of the Caledon draining mostly sedimentary rocks, which have illite and mica. Mica and 
illite minerals can host the elements mentioned above, as well as Rb and Zr. These elements 
are low in the upper Orange River suspended sediment load because the upper Orange River 
primarily drains basalt bedrock and only briefly crosses the upper Karoo sedimentary rocks 














Figure 4.4: Ratio of major elements (Mg + Na)/K and of trace elements (Rb + Ba)/ (Ni + 
Cr + V) determined by XRF for river bank deposits, paleoflood deposits 




Element ratios can be used to differentiate between the basalt and sedimentary bedrock 
sources because the suspended load generally provides an integrated, homogeneous 
sampling of the eroded catchment bedrock and soil. The major element ratio is high (mean 
value of 7.9) for the basalt soil end member whereas the Karoo sedimentary rock soils end 












(Rb+Ba)/(Ni + Cr + V) also discriminates between basalt(mean of 0.4) and Karoo 
sedimentary rock soils (mean of 2.0). The major oxide ratio shows more variability in basalt 
than in Karoo sedimentary rock soils and vice versa in the case of the trace element ratio 
(Figures 4.1 and 4.2). The major oxide ratio (Mg + Na)/K of the Caledon river suspended 
load is low (0.9) (Figure 4.9) and similar to that of soils on Karoo sedimentary rocks which 
have a mean major oxide ratio of 2.0. The Orange River suspended load at the Free State 
Border (FSB) with a major oxide ratio of 3.95 shows a relatively high basalt signature when 
compared to the suspended load at Aliwal North (AN1) with a major oxide ratio of 3.0 and 
the suspended load of the Caledon River with a major oxide ratio of 0.9 (Figure 4.4).The 
river bank deposits of the Caledon River at the N6 Bridge (CLDN RB) show a more basalt 
signature with a major oxide ratio mean value of 3.55 compared to the Caledon River 
paleoflood (CLDN P) and river suspended load (CLDN) at the same site and the river bank 
deposits upstream at Clocolan (CLDNc RB) (Figure 4.4). The reason for this one Caledon 
River bank sample to have a more basaltic major oxide value is unclear, but it may relate to 
the sample being derived from the upper reaches of the catchment area dominated by basalt 
bedrock. This sample demonstrates that, even in a river drainage dominated by Karoo 
sedimentary rocks, it is possible to have suspended loads with a large headwaters basalt 
signature.  
 
Difference in the element ratios between the river sampled at the Free State Border (FSB) 
and Aliwal North (AN1) is small but indicates an increasing Karoo sedimentary rock soil 
contribution. The difference in the element ratios is most pronounced in Caledon River 
sample (CLDN) which shows a predominantly Karoo sedimentary rock soil ratio. The 
geochemical trend among the river suspended sediment samples is consistent with the 
percentage of basalt and Karoo sedimentary rocks within their catchment areas (Table 2.1). 












terrains in comparison to tributaries upstream from Aliwal North. The Caledon River drains 
mostly Karoo sedimentary rocks, which make up approximately 89% of its catchment area 
(Figure 2.1 and Table 2.1), and contain abundant illite and K-feldspar rich in the elements K, 
Rb and Ba. The upper Orange River catchment above the Free State Border primarily drains 
basalt bedrock with only 28% of the catchment having upper Karoo sedimentary bedrock. 
The slightly greater Karoo sedimentary rock soil signal at Aliwal North reflects an increased 
proportion of Karoo sedimentary rocks (35%) in the catchment above Aliwal North (Figure 
2.1). Therefore, the Caledon River contributes a significant amount of the suspended fine 
mud carried by the Orange River sourced from the erosion of Karoo sedimentary rocks. The 
elemental ratio of river bank sediments and paleoflood deposits of the Vaal and Orange 
River indicates an increasing Karoo sedimentary rock contribution.  
4.3 Organic Carbon analysis 
River export of organic matter from the continent to oceans forms an important component 
in the global carbon cycle. Organic carbon in rivers can be derived from primary 
productivity in the river or from the erosion of old carbon from bedrock and soil.  Primary 
production was observed in the Vaal River but in the upper Orange and Caledon the 
majority of the organic matter in the suspended river load appears to be recycled from 
bedrock and soil sources. Organic carbon analysis shows that the soils of upper Karoo 
sedimentary rocks have a total organic carbon content of less than 1 wt% with an average 
value of 0.63 wt% including the spikes from the Tarkastad alluvium at 2.11 wt% and 
Molteno at 1.48 wt%. The Karoo sedimentary bed rock have a total carbon content <0.5 wt 
% and averaging at 0.18 wt% .The paleoflood and river bank deposits have organic carbon 
contents which are similar to the Karoo top soils and range from 0.15 wt% in Caledon River 














Basaltic soils have relatively high total organic carbon contents ranging from 1-2.6 wt% and 
averaging 2.03 wt%. The top soils overlying basalt bedrock are tightly bound by grasses and 
have dark brown to black colour from the presence of abundant organic matter. The 
suspended sediment samples have a high (>1.2 wt%) total organic carbon content when 
compared to the upper Karoo sedimentary rocks at 0.63 wt%  which could reflect a greater 
contribution from top soil erosion as opposed to bedrock erosion. Field evidence shows 
relatively high top soil erosion when compared to bedrock erosion (Figure 4.5). The field 
evidence of topsoil erosion was mostly on the northern parts of the study area along the 
floodplain of the Caledon River where cultivated fields are abundant (Figure 4.6).  Field 
evidence of bedrock erosion was mostly on the southern part of the study area, where 
grazing lands dominate over cultivated farm lands (Figure 4.5). More donga and gully 
activities were observed near the town of Sterkspriut (Figure 4.5). Overall the field evidence 
has shown that topsoil erosion is significant when compared with bedrock erosion in the 
study area 
 
Stable carbon isotope ratios (13C/12C) are potentially useful as tracers of carbon pathways in 
a variety of systems. In terrestrial systems, soil organic matter is derived from the prevailing 
vegetation cover. Plants following the Calvin–Benson (C3) photosynthetic pathway are 
markedly more depleted in 13C (δ13C mean of -26) than are grasses following the Hatch-
Slack (C4) pathway (δ13C mean of -12) in much of  southern African interior, especially 
those areas drained by the Orange River. C4 grasses dominate the vegetation and the C3 
component is restricted to trees and shrubs (Meadows et al., 2001). 
 
Vogel (1978) showed that the 13C/12C isotope ratio indicates whether C3or C4 grasses grew in an 
area. C3 grasses presently occupy regions where mean daily maxima are below 25ºC during 












where summer daily maximum temperatures are above 25ºC. C3 grasses are most common 
in the Western Cape and at high altitudes in the Drakensberg where the effects of altitude 
moderate temperature (Lewis, 2005). Lewis (2005) showed that although there are problems 
in relating the isotopic evidence to vegetation (since, for example, where C3 plants are 
indicated they could have been derived from aquatics, semi-aquatics, Karoo bushes, shrubs 
or other herbs and not necessarily from C3grasses), the isotopic evidence remains valuable. 
All bedrock derived organic matter will be at δ13C of -26 as C4 plants had not yet evolved 
and  organic content of bedrock is relatively more depleted in 13C compared to soils which 
host most organic carbon from plants.  
 
The present-day Orange River delivers terrestrial organic matter of mixed C3/C4 origin, 
which is sourced predominantly from the erosion of upper Orange River catchment soils. 
The soil organic matter in this study has δ13Cv lues that range from -10.66 to -26.03‰ 
showing contribution from both C3/C4grasses and the contribution of both bedrock and 
topsoil erosion.  Orange River suspended load δ13C values (-16.9 to -19.7) are similar to the 
river bank and paleoflood deposits (-17.03 to -20.96‰), varying in response to local 
vegetation cover rather than terrestrial degradation (Holtvoeth et al., 2004). Mean δ13C of C4 
plants is -12‰, but δ13C values range from -9 to -14‰ (Ehleringer and Rundel, 1989).  On 
land southern African woody plants have a mean δ13C value of -26‰ (-20 to -35‰) 
(Ehleringer and Rundel, 1989) and undergo Calvin–Benson (C3) photosynthesis utilizing the 
Ribulose-1.5-biphosphate carboxylase (RuBisCO) enzyme (Koch, 1998).  The greater 
resistance of woody C3 plant material to degradation and the binding of soil by grasses can 
be used to explain the more negative river suspended load and river bank deposits δ13C 
values than source soil organic matter. 
The Orange River suspended load clay fraction δ13Cbecomes more negative downstream 












Orange River (bulk and clay fraction δ13Corgof-19 and -20.2‰, respectively), suggesting an 
increase in the C3 (shrub) component downstream (Herbert, 2009). The Caledon River 
introduces clay fraction organic matter of a mixed, but mainly C4 source (δ13Cof -16.5‰), 
whereas the Vaal River is mostly an algal source having a δ13Corgvalue of -19.5‰.  Poor 
land-use practices along the Orange and Caledon river banks has led to soil erosion, which 
may affect modern river δ13C values.  Paleoflood clay fraction δ13Corg values record pre-
anthropogenic, Holocene Orange River organic matter  loads that varied from mixed C3/C4 
(-16.2‰  to -20.0‰) and are similar to modern Orange River organic matter (Herbert, 
2009).   
 
Figure 4.5: Photo showing both top soil erosion (reddish brown) and gullies showing 
previous bedrock erosion (light grey) near the town of Smithfield on the 














Figure 4.6: Photo showing farming on gentle slopes near the town of Lady Brand on 
northern side of the study area. 
 
4.4 Soil erosion variation in the catchment areas 
The upper Orange River catchment is especially susceptible to accelerated erosion due to a 
combination of factors including steep slopes, erodible soils, and intensive rainfall patterns. 
Large areas of the Free State and Gauteng provinces are undergoing intensive erosion 
(Figure 4.7). Compton et al. (2010) have shown that erosion has shifted from the areas of 
high relief and rainfall of the Drakensberg escarpment during the Holocene to easily 
erodible soils and intensely cultivated lands of low relief with moderate to high rainfall in 













Figure 4.7: Soil erosion rates from magisterial districts of South Africa (Compton et 
al., 2010). Soil erosion is most intense in areas of high rainfall and 
erodible soils of the Karoo sedimentary rocks (Figure 4.3 and 4.7) and 
heavily cultivated land (Le Roux, 1990). 
 
The bedrock geology and its overlying soils have a strong influence on soil erosion (Weaver, 
1991) and many soil properties are inherited from parent rocks (Rooseboom and Harmse, 
1979). Therefore, mineralogy of river sediments should be able to indicate where a 
significant amount of erosion is taking place. The soils of the study area have been derived 
from two bedrock end members as shown above. There are silty and sandy soils derived 
from the Karoo sedimentary rocks and the more clay rich black soils derived from the 
basalts and dolerites. (Rooseboom and Harmse, 1979) have shown that soils tend to be more 
erodible as the texture ranges from sand to silt and less erodible as clay content and clay 












sandy therefore making them relatively more susceptible to erosion.  The soils derived from 
basaltic alluvium are usually black and have higher clay content making them more stable 
and more resistant to erosion. The chemistry in the rivers suggests that there is some erosion 
of basaltic bedrock and topsoil; in the field the basalt bedrock seemed very hard and much 
less susceptible to erosion and the soils were tightly bounded by grasses. Although in 
general terms it has been observed that most of the suspended load is derived from the 
Karoo sedimentary rock, the sandstones of the Clarens Formation and to a lesser extent 
those of the Molteno Formation seem to form resistant ridges and show more resistance to 
erosion. Streams draining the Clarens Formation and the Drakensberg Formation were found 
to be clear compared to those draining the Beaufort Group and the Elliot Formation. 
 
Vegetation cover plays a major role in erosion (Garland et al., 1999). The vegetation cover 
in the study area is Highveld grassland (Figure 4.8); these grasses bind together the basaltic 
soils of the Drakensberg Formation which limit erosion.  Fanning (1999) found that loss of 
vegetation cover can lead to an increased surface runoff and an increased run off can lead to 
channel erosion on valley floor while Boardman et al. (2003) have argued that bare areas 
will remain the source of erodible material. During low rainfall periods shrubs were 
observed in the study area, shrub vegetation does not protect the soil from erosion as well as 
grass, and an increase in shrubs can result in an increase in erosion (Cowling and 
Richardson, 2003). Several authors have emphasised the necessity for major disturbance of 













Figure 4.8: Map showing the vegetation cover of the upper Orange River catchment. 
The study area (rectangle) is located on Highveld grassland (from 
http://www.orangesenqurak.com/river/hydrology/cycle/ groundwater.aspx ) 
 
Garland et al. (1999) assessed different land-use types at a national scale in terms of the 
main types of soil degradation affecting them. Rill, and gully erosion were found to be the 
most important types of land degradation on the communal grazing lands of the eastern parts 
of the country. Current observations indicate that erosion sites occur commonly in 
subsistence farming areas on soils with high erodibility values. The results of Rooseboom et 
al. (1992) support the concept that areas with erodible soils tend to yield the most suspended 
sediment. 
 
South Africa has a high soil-loss rate due to extensive cultivation and over grazing (Figure 
4.7-4.9). A total of 62% of the country is currently under commercial and subsistence 
farming, including areas that have slopes of 10% or more (National Land Cover, 2000). The 
areas predicted to be greatly affected by soil loss when compared to the National Land 
Cover appear to be the degraded unimproved grasslands. Unimproved grasslands are 












(Figures 4.6 and 4.10). It is well known that clearance of natural vegetation to provide land 
for cultivation will commonly cause increased rates of soil erosion. Morgan (1986), for 
example, compares soil erosion rates under natural vegetation with those on cultivated land 
in several areas of the world and shows that the latter may be up to several orders of 
magnitude greater. The importance of vegetation cover for soil-erosion control and the 
dangers inherent in changes in land use practice has been emphasized by work done by 
Lewis et al. (2005). They have found that over 26 million hectares (m. ha) (at least 30% of 
national land) would be subject to high erosion risk without maintenance of the current 
vegetation cover and land use. Importantly, around 4.7 m. ha (37%) of cultivated land 
surface in South Africa falls in the high to extremely high potential erosion class (Lewis et 
al., 2005). Agricultural intensification could change the land cover, leading to poorer 
vegetation cover which is the major pressure indicator for soil erosion. The upper Orange 
River catchment has been used extensively for grazing by commercial farmers; flood plains 
are cultivated to produce fodder for livestock (Dollar and Rowntree, 1995). Montgomery 
(2009) showed that erosion rates from conventionally ploughed agricultural fields average 1-
2 orders of magnitude greater than rates of soil production, erosion under native vegetation 
and long term geological erosion. Keay-Bright and Boardman (2004) have supported the 
fact that land use  plays a major role in erosion but further argued that erosion associated 
with cultivated lands was more dominant in the early 20th century, but currently limited to 
local scales where ploughing of soils was followed by big rainfall. The vegetation cover in 
the study area is mostly grass and to a lesser extent shrubs which are more obvious in low 
rainfall periods. The resistance to scour provided by grassland limits erosion as seen on 
basaltic bedrock in the field. Therefore, vegetation cover where grass dominates might limit 














Figure 4.9: Map showing the distribution of land use in the upper Orange catchment 




Figure 4.10: Photo showing gully erosion in the Elliot Formation near the town of 
Lady Brand. 
 
The relationship between wet and dry cycle rainfall, together with the magnitude and 












catchment in terms of both the run off response and the precipitation/ vegetation- erosion 
interaction. This was evident in the field as the major active gully was observed in 2006 
(Figure 4.10) when the rainfall was higher than in 2007 and 2009. Climate is also a factor as 
shown by Keay-Bright and Boardman (2004), with periods of drought affecting vegetation, 
and vegetation disturbance such as loss of grass species or replacement of grass by shrubs is 
most likely to result in increased soil erosion. 
 
In some areas, there is strong field evidence that significant bedrock is being eroded by 
rivers, and might dominate over top soil erosion (Figure 4.10).  There is also evidence of 
valuable topsoil loss through erosion of tilled soils (the orange surface in Figure 4.5).  The 
high suspended sediment load in the Caledon River also indicates that topsoil erosion is 
taking place as the river is flowing through relatively flat terrain. Therefore sheet flow could 
be more dominant than channel flow. In the case of deeply scoured out bedrock (dongas and 
gullies), the volume of bedrock eroded is far greater than that of topsoil (Figure 4.10) (Lewis 
et al., 2004). But in the study area, few dongas of the dimensions shown in Figure 4.5 were 
observed. Therefore, topsoil erosion may be less obvious but more widespread than bedrock 
erosion.  
 
Wallbrink and Murray (1996) did profile work looking at river bank erosion vs topsoil 
erosion and their findings suggested that the cultivated farm reservoirs are filled with 
sediment predominantly derived from burned top soils and from other hill slope top soils 
which do not appear to have changed significantly over the course of their sedimentary 
histories. In particular, there was little evidence to suggest that the gully systems are, in 















Many researchers have worked on the Orange River system (Rooseboom and Harmse, 1979; 
Foster et al., 2007; Compton and Maake 2007; Compton et al., 2010), which is not 
surprising considering that the Orange River is the largest river in South Africa. Although a 
lot of research has been done on the river, little attention has been given to the source of the 
large amount of sediment that it discharges offshore on the west coast. Erosion is a major 
issue in South Africa, but little has been done to establish where the sediments in the rivers 
are being derived. It is uncertain whether they are from the erosion of the bedrock or erosion 
of valuable topsoil or, perhaps, from the erosion of both bedrock and topsoil. 
 
The results of this project have established that the chemical composition of the suspended 
load carried by the upper Orange River and its tributaries can be related to the geology of the 
area they are draining. Two bedrock types were identified in the catchment area: basalt and 
Karoo sedimentary rocks. In addition, the study has looked at the effects that geology, relief, 
and erosion have on sediment production. The project has presented and quantified the 
variation in composition of the suspended river sediments, topsoils and weathered bedrock 
in the upper Orange River catchment. Basalt soils contain plagioclase feldspar, pyroxene, 
rock fragments and smectite clay minerals. Karoo sedimentary rock soils contain quartz, K-
feldspar and illite as well as smectite clay minerals. The results from the chemical analyses 
indicate that the suspended sediments in the upper Orange River are derived from both 
basaltic soils and the Karoo sedimentary soils, with the Karoo soils dominating. K2O and Rb 
are high in sedimentary soils and in suspended river sediments indicating the contribution of 
sedimentary rocks in the chemistry of the suspended river sediments, while SiO2 and Al2O3 
concentration in suspended river sediments is similar to their concentration in basaltic soils 
indicating the input of basaltic soils. The major oxide ratio (Mg+ Na)/K and trace element 












These ratios clearly differentiate basalt and Karoo sedimentary rock and their soils and 
indicate that most of the Orange River suspended sediment load is derived from erosion of 
the Karoo sedimentary bedrock and soils.  
 
There is a relationship among slope, relief and soil cover and the sediment load of the rivers. 
Rivers flowing from high relief, steep slope and poor soil cover have higher sediment loads 
relative to rivers draining flat, well-bounded soil. The Caledon River has higher 
concentrations of Al2O3, K2O, Zr and Rb and lower concentration of Na2O, CaO and MgO 
when compared to the upper Orange River; this was attributed to the fact that the Caledon 
River only drains basalt bedrock at its uppermost reaches. The upper Orange River primarily 
drains basalt bedrock and only briefly crosses the upper Karoo sedimentary rocks upstream 
of where it was sampled. The concentration of the above-mentioned elements are even less 
in the Orange River sampled at Aliwal North compared to at the Free State Border because 
less upper Karoo sediments have been traversed by the Orange River at the Free State 
Border. It was also found that the Caledon River bank deposits during periods of lower 
rainfall show a significant influence from the basaltic rocks compared to the Caledon 
suspended sediments sampled the previous year with higher rainfall. The Caledon River was 
found to deliver most of the fine mud suspended load of the Orange River.  
 
The study has established indirectly that the Karoo sedimentary topsoil is more susceptible 
to erosion than the basaltic topsoil.  The hard bedrock underlying the clayey basalt soils 
densely rooted by grassland vegetation limit the amount of basalt soil and bedrock erosion. 
River sediment load calculations and field evidence show that rivers flowing on Karoo 
sedimentary soils have higher sediment load than those draining basaltic soils. Chemical 
analyses and field evidence indicates that there is both bedrock erosion and topsoil erosion. 












that bedrock erosion is more dominant than the topsoil erosion in the Karoo sedimentary 
soils while the organic carbon content and carbon isotope composition suggest that much of 
the suspended load is derived from erosion of top soils rather than erosion of bedrock. 
Therefore, it is likely that both bedrock and soil erosion are important but vary regionally.  
 
The study has shown that the Karoo sedimentary rocks are more susceptible to erosion 
because of their higher sand and silt content which is less resistant to erosion when 
compared to the more clayey basaltic soils. Vegetation was found to be less influential in 
erosion because it is dominated by grass and grass roots tend to bind the soil closely 
together. However, the loss of vegetation or the replacement of grass by shrubs may lead to 
an increase in soil erosion. Land use contribution to soil erosion was largely limited to local 
cultivated lands which are subjected to high and intense rainfall events just after they were 
ploughed. The sediment load of the upper Orange River has shown that erosion is currently 
active in catchment areas having Karoo sedimentary erodible soils despite improvements in 
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ABSTRACT 
The O range River is o ne o f the World 's most turbid; del ivering 60 million tons o f sediment each year to the western margin of 
South Africa . Much of this sedime nt is be lieved to be from soil erosion, an increasing env ironmcnu\ threat to susta inabil ity in 
sOllthe rn Africa. This study focuses on the up pe r reaches of the Orange River above the C tleclon Ri ver contl uc nce, because it is 
h e re that high r~linfa ll and topographic re lief of the Drakc llsberg Mou nta ins produce most of the Orange Rive r's suspe nded load . 
Comparison of grain size, mineralogy and geoche mistlY of the suspe nded sed ime nt load w ith ca tchme nt bedrock soils provides 
a n estimate of the source of the suspe nded sediment. Major and trace ele ment ratios ind iGlte that the suspended sediment load is 
prim:uily deri ved from Karoo (uppe r Beaufo lt a nd Sto rmberg gro ups) sedime ntmy rocks rathe r than Dra kensbe rg basalt. 
The C:=lIedon River carries rhe largest fine-lllud suspended load primaril y frolll rhe erosion of K:H OO sedimenra lY rock so ils. 
The organiC carbon conte nt of the suspended load ranges from 1.0 to 1.3 weight % w ith 8ue va lues that range from -19.7 to -
16.9°/00 POB. The 813e values of the organ iC fraction of soils is highly variable (-21.5 to -12.7°/00 POB) and refl ect the mix of C3 
and c4 vegetation in the ca tchment area . 
Introduction 
Since the break up of Gondwana , the Orange River has 
d e livered large amo unts o f sedime nt to the weste rn 
contine ntal margin of South Africa. The vast majority o f 
the Orange Rjver's te rrige nous sedime nt was de livered 
during the \-va nn a nd humid climates of the middle and 
late Cre taceo us (Dingle and He ndey. 1984; de Wit, 
1999) . Te rrigenous sedime ntation on the ma rgin has 
ta pe red off during the inc reas ingly arid cl imates of 
the late Cenozoic so that no\"\' most runoff fro m the 
0.9 million km2 Orange luver ca tchme nt area is de rived 
fro m the high-ra infeo11l areas of the Uppe r Ora nge River 
w ith onl y 1.8% derived fro m below the Ora ngeIVaal 
conilue nce (Krie l, 1972; Be nade , 1988). Altho ugh the 
mea n a nnual runo ff o f 11 km3/ year is sllla ll in 
comparison w ith most o ther majo r rivers, the Orange 
River ca rries a re latively la rge suspe nded sedime nt load 
a nd ranks as the most turbid river in Africa a nd the 
fo urth most turbid in the Wo rld (Bremner e/ at. , 1990). 
The Ora nge Rjver o rig inates in the Dra kensberg 
Mountains of Lesotho and fl ows west for 2300 km across 
a n increasingly arid interio r plateau (Figure 1) . Most o f 
the sedime nt delivered b y the Ora nge Rjver to the 
Atlantic Ocean ends up w ide ly dispe rsed across 
the weste rn co ntinenta l margin. The sa nd fra ctio n o f the 
O range lliver sedime nt load is transpOIt ed no rth to 
the Na mib Desert by lo ngshore drift driven by hjgh-
e ne rgy waves and strong southe rly w inds (Roge rs, 1977; 
Rogers and Bre nme r, 1991; Rogers and H.a u , 2006), while 
the mud fractio n is transpo rted offs hore a nd south by a 
p olewa rd undercurre nt to fo rm the mudbe lt (Mabote 
e / al., 1997). The de positio nal histOlY o f de posits such as 
the mudbe lt o n the weste rn ma rg in is related , in pa rt, to 
the input of Orange River sediment (Herbe rt a nd 
Compto n, 2007). The Ora nge River suspended loa d is 
the re fo re impolta nt in unde rstanding the source of 
offsho re de posits a nd linkages between the te rrestria l 
and marine realms. 
La nd degradatio n , in the loss o f va luable to psoil and 
deep erosional gull ies (do ngas) w hich scour sedime nt-
fill ed va lleys and bedrock, is ,1n increasingly la rge 
threat to sustain able development in sOLlthern Africa 
(G arland e/ al., 1999). This study includes regio ns 
docume nted to ha ve expe rie nced high e ros iona l activity 
in the recent past (H.ooseboom, 1975; Seuffe lt et ai. , 
1999) . De te rmining the source o f the suspe nded 
sedime nt load can he lp in bnd manageme nt and the 
developme nt of effe ctive land use po lic ies (Conley and 
va n Nie ke rk , 2000) . Fo r example , v~Hia tions in the cla y 
mine ralogy o f the suspe nded load have been used to 
infe r the source a rea of specific Orange River flood 
events ( Bre mne r e/ al., 1990). In this pape r the texture , 
mine ralogy a nd geoche mistry o f the suspended river 
sedime nt and the soils of the ma jor bedrock types o f the 
catchment area a re compared to dete nnine the source of 
the suspe nded load of the upper Ora nge Rive r above 
the contlue nce with the Ca ledo n River. 
Geological settillg 
The Orange River catchme nt receives primarily summer 
ra infall , which varies fro m 700 to 800 !lun/ year ill the fa r 
easte rn ca tchme nt to less tha n 100 mm/ yea r in the 
fa r weste rn catchme nt. Highe r rainfall in the easte rn 
catchment is expla ined by o rogra phic rainfall resulting 
fro m the high e le va tio n o f the region . The high rainfall 
area a lso correspo nds to areas o f high sedime nt 
productio n (Rooseboom, 1975; Seuffe lt e/ ai. , 1999) 
w hich occur primarily in the Upper Orange River above 
the conflue nce \vith the Vaal (\Vell ington , 1958) . 
The focus of this pa pe r is o n the uppe rmost reaches of 
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340 SOURCE OF THE SUSPENDED LOAD OF THE UPPER ORANGE RIV ER 
Figu re 1. Geological ma p of the study a rea (modified after (he Council for Geosciences 1:1 000 000 map) showing location of sample sites 
and major river courses. Inset of southern Africa shows catchme nt area o f the Orange River shaded in g rey and sample sites o n (he lower 
Vaal River and Orange River at Vioolsdrif (Y). 
the O range River above the confluence w ith the Caleclon 
River (Ga riep Dam; Figure 1) beca use most Orange 
River suspende d sedime nt is produced upstrea m o f the 
Caleclon-Orange river confluence (Bremner e/ at., 1990). 
]n addition, no majo r dams occur above the Caleclon 
conflue nce w ith the exception o f the Katse Dam in the 
Lesotho Highla nds , completed in 1997. 
The O range River catchme n t above the Caleclon 
conflue nce includes contine ntal sedimentary rocks of 
the Bea ufo rt Group, as well as the Molteno, Elliot and 
Clare ns fo rmations o f the Strombe rg Grou p . These 
secllme nta ry rocks a re ca pped by the Drakensberg 
G ro up successio n o f fl ood basa lts (Figure 1). Togeth er, 
these rocks constitute the uppe r po rtion of the Karoo 
Supe rg roup. Bea ufo rt G ro up sedime nts were deposited 
in the Late Triass ic in an intracra to nic basin, \v ith the 
sedime nts derived fro m a volcanically active source 
loca ted to the south and west (Turne r, 1978; 1990). 
The Bea ufOit G roup primarily consists of sandsto nes, 
s iltsto nes and mudstones as well as some lenticular 
limesto ne zlI1d abundant calca reolls co ncre tio ns 
(Ta nkard e/ aI., 1982). The sediments o f the Molteno 
Fo rmation a re an intracraton ic , bedload-dominated 
tluvial wedge de rived from a tecto nica lly active source 

























BNE B8A B8B B9 BLG1 B11A B12A B1 3 B15A B15B 815C B1 6 B17A 819 820 FSB AN1 C CLDN 
Sample 
Figure 2. Grain size distribution o f soil and rive r suspended sedime nt samples. Samples were collected in FebntalY 2006 and the ir location 
in re latio n to bedrock type is indicated in Fig ure 1. 
to the south and south east (Rust, 1962; Turner, 1970) 
a nd a re somewha t coarser g rained compa reci to those o f 
the upper Beaufo rt Gro up. The Ellio t Format ion \v as 
d e posited in a tluvio-lacllstrine en viro nme nt w ithin a 
long-established inte rnal drainage basin, re mote fro m 
a ny ma rine shore line. Fine-gra ined recl bed s and 
le nti cular yell ow sands to nes ma ke up the Ellio t 
Fo rmatio n , and represent a reductio n in tluv ial energy 
a nd bed load in compa rison to the underl ying Molte no 
Fo rmatio n (Tankard el a l., 1982). The Ciare ns Fo rmatio n 
is made up o f quartzose aeolia n sa nds, de rived in 
gene ral from the preceding tluvial deposits of the 
Molte no a nd Ellio t fo rmatio ns. Drake nsbe rg volca nism 
te rmina ted Karoo sedime ntati o n approximate ly 
182 millio n years ago a nd he ralded the break up of 
Go ndwana. Flood basa lts produced vast lava fields, 
o f w hich the 140 000 knl Drake nsbe rg p la tea u is a n 
e rosional re mnant (Ta nkard el a l., 1982). In addition to 
fl ood basa lts, the regio n is cut by nume ro us dole rite 
d ykes a nd s ills (no t shown in Figure 1) . 
Methods 
River wate r samples were collected from the Orange 
River upstrea m of the bridge at AliwaJ North (ANI C) and 
upstrea m of the bridge at the Free State Bo rder (FSB) in 
Fe bruary 2006 (Figure 1) . The CaJedon River (CLON) 
was sampled upstream o f the N<"1 bridge between the 
tow ns o f Rouxville and Smithfie ld. The Kraa i River was 
sampled d ownstrea m of the R58 bridge no rth of Baddy 
East (Kraa i) and a tributa ry to the Kraai River was 
sampled at the town of Barkl y Ea st (BE). lliver wate r 
samples were collected fro m the edge o f the riverbank 
by subme rg ing, in o ne rapid and continuo lls motion , 
5-10 litre plastic buckets to a de pth o f a pproximate ly 
30 cm be low the surface o f the river. River wate r 
s llspe nded sedime nt W;l S collected b y settling in the 
fie ld a nd filtratio n thro ugh a 0.45 micro me tre ( /-lm) filter 
in the laborato ry. Collected suspended sedime nt was 
dried under vacuum « 100 mto rr) in a VirTis freeze drier 
at -85°C at the University of Cape Town (UCD . Soil 
sa mples were collected fro m road cut o r riverbed 
exposures o f the major rock types in the catchme nt area . 
The suspe nded sediment loa d (but no o the r data) was 
dete rmined fo r a second set of river wa te r sa mples 
collected in Ja nua ry 2007 fro m the Aliwal North s ite and 
Ca ledo n River s ite as well as fro m the Vaa l River 25 km 
upstrea m of the town o f Douglas a nd at Vioolsdrif near 
the mo uth o f the Ora nge River (Figure 1; Table 1), 
Table 1. Suspe nded 
millig rams/ litre . 
Location mg/l 
Barkly East 50 






sedime nt load of river sa mples in 
Date mg/I Date 
Feb 2006 
Fe b 2006 
Feb 2006 
Fe b 2006 460 Ja n 2007 
Feb 2006 520 Ja n 2007 
<20 Ja n 2007 
60 Ja n 2007 
The settled suspended river sa mples and bulk soil 
sa mples were wet s ieved into sa nd (>63 /-lm) and coa rse 
silt (38 to 63 /-lm) s ize fra ctio ns. The mud was separated 
into fin e s ilt (2 to 38 /-lm) and clay «2 /-lm) s ize fra ctio ns 
by a llowing the suspe nded mud fra ction to settle fo r 
20 minutes and assuming that the fin e s ilt pa lticles 
fo llow Sto ke 's law (sphe rica l g rains with a de ns ity 
o f quartz). Mine ralogy was de te rmined by petrography 
o f thin sectio ns of bedrock, sa nd a nd s ilt size fractio ns 






















































NiO 0 .01 
1-120- 1.67 
LOI 4 .65 
Toral 100.06 
Mg+Na/ K 8 .02 
NM"not measured 
liSA 













































10 .65 3.60 





























































































Table 3. Trace element composition of soil and ri ver suspended sed iment (Susp sed) sa mples by XRF. 
Sample BNE ll8A H8H H9 RLGI nIlA I312A 813 1ll5A 












































































































































































































































































































B17A ll19 H20 Fsn 






















































































































































Susp sed SliSP sed 
Waler Waler 
65 .64 62.47 
0.80 0.97 
13.10 16.32 
551 5 .80 
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a nd X-ray diffractio n (XRD) analysis o f the fin e s ilt and 
clay size fra ctions 1110untecl as wet slurries on glass 
s lides. Bulk soil a nd settled river water samples were 
freeze dried and powd e red fo r e leme ntal a nalys is by x-
ray tluo rescence (XRF) and o rganic ca rbon a nalyses at 
ucr. The three slispendeci river sediment sa mples were 
a nalysed by XRF at the Univers ity of Ste lle nbosch . 
The results a re assu med to be re presentative of the lo ng-
te rm e rosion of the catchments sa mpled because of the 
high discharge a nd sedime nt load o f the three river 
wa te rs sa mpl ed in February 2006. This assumption will 
b e tested by the future sa mpling ::lI1d a nalysis of the 
suspended sedime nt load at the three s ites. 
Carbonate ca rbon (mostly presen t as CaC03) in 
freeze-dried sa mples was removed by reactio n wi th a 
buffered O.5M acetic acid-sod ium acetate solution v.,r ith 
a pH of five fo r a minimum of five hours. Sa mples were 
rinsed three to four ti111eS w ith d istilled wate r, until the 
pH was neutral. The ca rbo nate-free sa mples were run 
on a The rmo Finniga n Delta Plus XP stable light isotope 
mass spectrome te r at ueT to determine the organic 
ca rbo n conte nt a nd isoto pe com position. Unce rtainty in 
the ca rbon isoto pe measurements is ± 0. 1°/ 00 and sl3e 
va lues a re reported corrected to in-ho use reference 
mate ria ls ca librated aga inst the rOB (Pee Dee 
Be le mnite) inte rnationa l standard. 
Results 
The Karoo sedi1l1ent~lIY rocks consist l1lJinly o f quartz, 
feldspar, mica , ca lcite a nd rock fragme nts. Qua ltz and 
feldspar are dominant (70 to 80%) , w he reas miGl , calcite 
a nd rock frag me nts OCCllr in subord inate to minor 
quantities. The basa lt bed rock cons ists of pla gioclase, 
orthopyroxene, o livine , a nd clino pyroxene , and zeolite-
filled amygdales are common. Soil sa mples o f Karoo 
sedime ntary rocks are predominantly made up of quartz 
and fe ldspar, w ith lesser a mo unts of mica ~lnd calcite. 
The clay-size fractio n of Karoo sedimentary rock soils is 
dominated by illite and smectite and b y smectite in the 
basa lt soils. 
The grain s ize d istributions of most soils sa mpled a re 
s imilar a nd a re dominated by 50 to 70% sand (Figure 2) . 
The suspended sedinle nt load in February 2006 was 
3.4 g ra ms/ litre (gil) at the Free State Borde r (FSB), 
2.6 gil at Aliwal NOith (AN1C) and 3.0 gi l for the 
Ca ledo n River (CLDN) at the N6 bridge (Table O. 
The sllspended load of the Kraai m ver was 0.22 gil and 
0.05 gil for a tributary o f the Kraa i River sa mpled at the 
town of Barkl y East. R:1infall and suspended sedime nt 
loads were s ignificantl y less in Janu,uy 2007 (Table O. 
The suspended river sedime nts are do minated by 40 to 
60 weight % fine s ilt w ith s::lI1d , coa rse s ilt and cla y each 
v;uy ing be tween 10 and 20% (Figure 2) . Suspe nded river 
sedime nts conta in quartz, feldspa r and clay minerals. 
Smecti te dominates over illite in the clay-size fra ction. 
The major oxide and trace element compositio n o f 
Ka roo sed imentary rock soils is d istinct fro m basa lt soils. 
Rive r suspe nded sed ime nt elemental compositions te nd 
to be inte rmed iate between the two. Basa lt soils have 
simila r o r highe r major oxide contents than Karoo 
sedime nta ry rock soils, except fo r silica and potassium 
(Table 2) and basa lt soils have similar o r higher trace 
e lement contents than K,lroo sedime ntary rock soils , 
except for Ti , J<b, Zr, rb and Ba (Table 3) . The major 
oxide ratio of (Mg + Na)!K has a mea n value of 7.9 for 
basalt so ils and 1.4 for Karoo sedime ntary rock soils 
(excluding sa mple B1 5A) ( Figure 3) and the trace 
e lement ra tio (Rb + Ba)/ (Ni + Cr + V) Ius a mea n value 
of 0.4 fo r basa lt soils and 2.0 fo r Karoo sedime ntary rock 
soils (excluding sa mpl e B15A) (Figure 4). 
The o rga nic ca rbon conte nt o f the soil sa mples 
ra nges from 0.2 to 2.9% and fo r the suspe nded ri ver 
sedime nt from 1.0 to 1.3% (Table 4). The percentage o f 
o rganic ca rbon in basal tic soils ( 1.3 to 2.9 \veight %) is 
higher tha n in Karoo sedime ntary rock soils (0.2 to 1.6 
weight 0/0). The o rganic carbo n content is re po rted o n a 
ca rbon ~lte- free basis, but the ca rbo nate content of these 
sa mples is low , ranging from 0.5 to 5 weight %. The sUe 
va lues o f the o rga nic ca rbo n in the soil sa mples range 
from -21. 5 to -12.7% 0 rOB and from -19.7 to -16.9°/ 00 
rOB for the susp e nded ri ver sed ime nt sa mples. 
Duplicate s13e ana lyses ca n va ry by up to 20% a nd 
re tlect inho mogene ity of the small (2 mg) sa mpl e size , 
as well as a nalytica l erro r. 
Table 4. Organic ca rbon C~C) content on a ca rbona te-free basis 
and organic matter isotope composition of soil and river suspended 
sediment CSusp sed) samples . 
OC oUe 
Sample Soil bedrock (weight%) (0/00 POB) 
BNE Basa lt Odr) 2.00 -13.31 
B8A Basa h Odr) 2.65 -18.40 
B8A(D) 2.90 -18.51 
B8B Basa h Odr) 2.45 -12.66 
B9 Basa lt Odr) 1.34 -16 .1 5 
BLG1 Elliot (TRe) 0.74 -15.25 
BLG1(D) 0.73 -14.90 
BllA Elliot (TRe) 0.63 -21.45 
BllA(D) 0.65 -21.41 
B1 2A Elliot (TRe) 0.91 -12.98 
B1 3 Molteno CTRm) 0.33 -18.38 
Bl 5A Molteno CTRm) 0.28 -16. 17 
Bl5B Molteno CTRm) 0.24 -17.81 
Bl 5C Molteno CTRm) 0.43 -15.10 
Bl6 Beaufort CTRt) 0.51 -15.04 
Bl7A Bea ufof( CTRt) 0.86 -14.26 
B17A(D) 0.90 -14 .63 
Bl 9 Beaufof( CPa) 1.57 -17.53 
B20 Beallfo f( CPa) 0.43 -19.89 
B20(D) 0.38 -19.80 
FSB 5usp sed 1.34 -18.57 
FSB(D) 511SP sed 1.24 -19 .1 5 
AN1C 5usp sed 1.28 -19.47 
AN1C(D) 511SP sed 1.09 -19.74 
Caledon 511SP sed 0.98 -16.88 
Caledon(D) 511SP sed 1.18 -17.05 
D = duplica te 
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BNE B8A B8B B9 BLG1 B11A B12A B13 B15A B15B B15C B16 B17A B19 B20 FSB AN1C CLDN 
Figure 3. Ratio of major e le me ms CMg + Na)!K dete rmined by XRF (Table 1) for soil and [iver suspended sedime nt samples. Samples we re 
collected in Fe brua ry 2006 and the ir location in relation to bedrock type is indicated in Figure 1. 
Basalt (Jdr) TRe TRm TRt Pa Susp sed 
4 
o 
BNE BBA BBB B9 BLG1 B11A B12A B13 B15A B15B B15C B16 B17A B19 B20 FSB AN1C CLDN 
Figure 4. Ralio o f trace e leme nts (Rb + Ba)!(Ni + Cr + V) de te rmined by XRF (Ta ble 2) for soil a nd river suspended sediment samples. 
Samples were collected in FebnJ31y 2006 and their locatio n in re latio n to bedrock type is indicated in Fig ure 1. 
Discussion 
SusjJe1lded sedblle llt load 
The slispended sedime nt iOJci varies s ignificantly among 
the rivers sampled in this study (Tabl e 1) . luvers dra in ing 
the bas~:t1 t bedrock o f the Drake nsbe rg Mo un ta ins have 
a low suspe nded sedime nt load compared to those 
d ra ining Ka roo sedime nta ry rocks. In the field, clear 
river wate r was o bserved flowing over the bare basal t 
b edrock surfaces o f Orange lli ver tributa ries. The ba nks 
of these bJsalt bedrock tribu taries hac! dark clayey soils 
tightly bo und by abundant pla nt roo ts. It the re fore 
appea rs that the de nse vegetatio n cover (mostly g ra sses) 
a nd hard basa lt bed rock limit suspe nded sedime nt 
productio n, d espi te steep slo pes and ra pid fl ow rates . 
The suspe nded sediment load increases a fte r the rive rs 
cut into the gene rally softe r and , the re fo re , more easily 
eroded unde rlying Karoo sedime nta ry rocks ( Bremner 
e/ a l., 1990; and re fe re nces the rein) . 
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The grain size of the river s Llspencied load va ries in 
relation to elevation and b edrock type. The greatest 
a mount of sa nd and highest tota l suspe nded loa d occurs 
at the Free State Bridge (FSB) , whe re the gradie nt is 
steepest. The least amo unt of sand occurs at the Ca leclon 
River (CLDN), w hich has a low to pographic g radie nt 
(Figure 2). The large decrease in grain s ize be tween the 
suspe nded river sediment a ncl the bulk soil samples 
re fl ects the prefe re ntial eros io n of fin er g ra ined ma te rial 
fro m soils and the sampling o f the surface fl ow of the 
river w ith much of the sa nel ca rried near or on the river 
bed. The amo unt of suspe nded sedime nt load is mostly 
related to the a mollnt of runoff as seen in the much 
greate r load during the high rainfal.l of 2006 compa red 
to 2007 (Table 1) . Previo us studies have shown that most 
sedime nt is transported during Orange Hiver floods and 
that the Ca ledo n Rive r ca rries the la rgest pro portion of 
fin e mud (Bre mne r e/ a t., 1990; and references the re in). 
The low suspe nded load of the lower Vaal River 
(most o f w hich was liv ing green algae a nd not sedime nt) 
is rebted to the low topographic gradie nt o f the Vaal 
catchme nt and the large d ams upstream, so that the 
mode rn Vaal River resembles a linear lake mo re tha n a 
fl owing river. The gene rally rocky, sedime nt-sta rved 
river bed and banks, and small palaeoflood de pos its 
indicate a loyv sediment load of the Vaal River. Prio r to 
the building of dams, the Vaal River contributed 22% of 
the mean tota l wate r discharge , but carried less tha n 
5% of the to ta l sedime nt loa d of the Ora nge Hiver based 
on De paltment of \Va te r Affa irs data collected between 
1928 a nd 1943 (Rogers , 1977) . The sedime nt load of the 
O range River has been greatly reduced by sediment 
tra pping in dams as refl ected in the lo w sediment load 
at the borde r crossing at Vioolsdrlf. Mea n sed iment 
discharge has dropped from 60 million t/ year betwee n 
1929 and 1969 to 17 millio n tl year afte r the building 
of major da ms s ince 1970 (Bre mne r et al., 1990). 
The reductio n in to tal sedime nt load o f 72% is s imilar to 
the mean sand a nd coa rse s ilt conte nt of 70.5% of soils 
fro m this study (Figure 2) and suggests that most o f the 
sand a nd coarse silt grains of eroded ca tchme nt soils is 
tra pped by da ms. 
Geochemistry of the su sjJelided load 
Sediment de rived from Karoo sedime nta ry rock soils ca n 
be diffe re ntiated fro m basalt soils fro m the ir g reate r 
a bunda nce o f qua rtz, K-feld sp a r and illite. X-ray 
diffractio n profiles provide a qualitative estimate o f these 
mine ralogica l diffe re nces but variations in the a mollnt o f 
cla y minerals is difficult to quantify by XRD alo ne. 
Diffe re nces in mine ralogy lead to diffe re nces in major 
a nd trace eleme nt geoche mistry that are more eas ily 
qll ~:tntified b y XRF. The ca tchme nt area bedrock ca n be 
divid ed into t\"\'o geoche mica l e nd me mbe rs . 
The Dra ke nsb e rg Gro up basalts and dole rite dykes have 
a mafic ig neous rock composition and the Ka roo 
sedime ntary rocks ha ve a predominate ly s ia lic 
contine nta l crust compositio n. Ele me nt ratios ca n be 
used to diffe re ntiate between these two bedrock sources 
because the suspe nded load generally provides an 
integra ted , homogeneous sampling o f the e rod ed 
catchme nt bedrock and so il. The ma jo r oxide ratio (Mg 
+ Na)/ K is high (mea n va lue o f 7.9) for the basalt soil 
e nd me mbe r whereas the Karoo sedime nta ry rock soil 
e nd me mbe r has a low mean value of 1.4 (Figure 3) . 
Sa mple EI SA was excluded fro m ca lculating the mean 
fo r the Karoo sedime ntary rocks beca use it was de rived 
la rgel y fro m loca l do le rite d ykes rathe r than fro m the 
Mo lteno Fo rmatio n. The trace ele me nt ratio (Hb + 
Ba)/ (Ni + Cr + V) also discriminates betw ee n basa lt 
(mea n o f 0.4) and Ka roo sedi.me ntary rock soils (mean 
o f 2.0, excluding sa mple B15A) (Figure 4) . The major 
oxide ratio shows mo re variabili ty in basalt than in 
Karoo sedimentary rock soils and vice versa in the case 
of the tra ce ele me nt ratio. 
The diffe re nce in the e le me nt ratios be tween the 
ri ver sa mpled at the Free State Bo rde r and Aliw al NOith 
is sm~:dl but indicates a n increasing Karoo sedime nt]JY 
rock soil contribution (Figures 3 a nd 4) . The diffe re nce 
in the ele me nt ratios is most pro no unced in the Caledo n 
River sa mpl e which sho ws a predo mina ntly Karo o 
sedime ntary rock soil s ig nal. The geo che mica l tre nd 
among the river wate r sa mples is cons iste nt with the 
percentage of basalt and Karoo sedimenta ry rock w ithin 
the ir catchme nt a reas. A re lative ly small pe rcentage o f 
Ca ledon River tributa ries above the sample s ite CLDN 
drain basa lt te rra ins in co mpa rison to tributaries 
u strea m from Aliwal NOltb (Figure 1). Tbe Caled on 
River dra ins mostly Ka roo sedime nta IY rocks , which 
make lip a pproximatel y 89% of its ca tchme nt area , and 
conta in abunda nt illite and K-fe ldspa r rich in the 
e lements K, Rb a nd Ea . The Orange River catchme nt 
above the Free Sta te Bo rde r primarily dra ins basalt 
bedrock with only 28% of the catchme nt having uppe r 
Karoo sedime ntaIY bedrock. The slightly g reate r Karoo 
sedime nta ry rock soil signal at Aliwal North refl ects an 
increased pro po rtion o f Karoo sedime ntary rocks 05%) 
in the catchme nt a bove Aliwa l North . 
The refore , the Caled o n River contJibutes a s ignificant 
amo unt of the slLspe nded fin e mud ca rried by the 
Orange Hive I' sourced fro m the e rosion of Karoo 
sedime ntary rocks. Previo us worke rs have argued the 
sa me (Harmse, 1974; Rooseboom a nd Ha rmse , 1979) 
re lating the large increase in the sediment load o f the 
Ca ledon River to the easily e roded Ellio t Fo rmatio n a nd , 
in palticular, uppe r Bea ufo rt Group (TRe and TRt o n 
Figure 1, respectively). The questio n still remains as to 
w hethe r the suspended load o f the Caled o n River is 
de rived prima rily fro m bedrock o r to psoil e rosio n. 
Erosio nal features in the landscape clea rl y indicate that 
both bedrock and soil e ros ion are active (Figure 5) and 
the study area lies within a regio n, ide ntified from aeria l 
photographs, to have expe rie nced s ignifica nt e rosion 
(Seuffert et a i. , 1999), In the case o f deeply scoured o ut 
bedrock (d ongas and gullies) , the volume o f bedrock 
e roded is far greate r tha n that of to psoil (Figure 5). 
But in the study area , few dongas o f the dime nsio ns 
shown in Figure 5 we re observed. The re fo re , topsoil 
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Figure 5. (A) A major erosional gully (donga) outside the town of Sterkspruit (Figure 1) showing sources of eroded topsoil (ploughed 
orange fields and uppermost, dark coloured soils on gull y banks) a nd bedrock sediment (light colour rock of the Moheno and Elliot 
formations exposed be low topsoil). The Clarens Formation (light colour rocks) and overlying Drakensberg basalt are exposed in the 
mountains in the background. Note eroded out veltica l cement weir 2 m in height in river channel on the right hand side of photograph. 
(B) Same erosional gully as in (A) but photographed approx imate ly o ne kilometre down stream showing slumping of veltically-cllt river 
channel walls. Road in foreground is the R726 110[th of Srerkspruit. 
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e rosio n may be less obviolls but mo re w idespread tha n 
bedrock e rosion. \Ve do not have sufficie nt geoche mical 
clata to Lise ele me nta l ratios to differe nti:tte between 
Karoo bedrock and soil sources o f the s lispended 
sedime nt loa d o f the Caleclon H.i ver, but the re lative 
contributions of bedrock and soil to the slispended load 
ca n be addressed to some extent by the o rga nic carbon 
data (Table 4). 
Organic carbon 
The o rganic ca rbo n c1ata include the amollnt of 
organic carbon and its isotope compositio n (Table 4). 
The amo llnt of o rga nic carbon in topsoil is expected to 
b e gene rally highe r than that in Karoo sedimenta ry 
b ed rock. This is beca use , altho ugh thin coal sea ms and 
pockets o f plant mate rial have been re po rted fro m the 
Karoo sed ime ntary rocks of the study area (Haughto n. 
1969; Ta nkard e/ aI. , 1982) , most are sa ndstones a nd 
purple a nd green mudstones of s ignificantly lower 
o rga nic carbon conte nt than the ir grassland to psoil. 
The mea n 013C va lue of o rganic matter e roded from 
K::troo bedrock is expected to be a rou nd -26°/00, 
the mean ooC va lue o f plants which fo llow the 
Calvin- Be nson (C3) photosynthetic pathway. This is 
b eca use plants , such as grasses, which fo llow the Hatch-
Slac k (C4) pathway with mea n 813C va lues of -12°/00 had 
no t yet evolved at the time o f Karoo sed ime nt 
deposit ion. 
The cUC value o f soil o rganic matte r from the study 
a rea shows a w ide range o f val ues from those typica l o f 
c4 pla nts (- 12 .7"/ 00) to va lues as low as -21°/00 (Table 4). 
Most o f the study area lies within the grass land biome 
(Mucina e/ ai, 2005) a nd , from the road, ta ll g rasses 
appea r to do minate the vegetatio n. However, in walking 
thro ugh the vegetatio n, s ignificant numbe rs of small , 
lo\v-Iyin g woody shrubs were observed in places. 
The re fore , it appears that the w ide sprea d in oUC va lues 
fo r soil o rganic ca rbo n of this study reflects a w ide ran ge 
in the relative proportion o f C3 woody shrubs and 
c4 grasses. 
The mea n 813C va lues of -18.9°/ 00 and -19.6°/00 for 
the Free State Border and Aliwal NOIth river s ites, 
respectively, suggests an approximate ly equal mixture 
of C3 (-26°100) and c4 (- 12°/ 00) plant mate ria l in their 
suspended loads. Yet the catchme nt area o f the Orange 
River above the Free State Border s ite is do minated by 
Senqu Highland Grassland , w ith less extens ive va lley fill 
a reas covered b y Senqu Montane Shrubland (Mucina 
e/ aI, 2005). This suggests that a g reater p roportion o f 
o rga nic matter is derived fro m the va lley-fill a reas tha n 
fro m the steep mo untain slo pes, consistent w ith the fie ld 
obselvation that basa lt so ils are tightly bound by densely 
rooted grasses. In addition to grea ter re te ntion of 
o rga nic matter by g ra ssland soils, C3 woody plants ma y 
have a g reate r resista nce to degradatio n in tIle soil and 
a re more likely than c4 plants to end up in the river 
s llspended load. 
The orga nic carbon (OC) content o f the suspe nded 
loa d of the Ca ledon Rive r (1.1 \veight %) is signifi can tly 
greater tha n the mea n o rgan ic ca rbon conte nt (0.6 
weight %) o f catchme nt soils (Table 4) . In contrast , 
Orange River suspended load o rga nic carbo n conte nt 
(1.3 weight % at FSB and 1.2 weight % at AN1C) is less 
than the mea n fo r the basa lt soils (2.1 weight % OC). 
In addition, the Ol3C va lue of o rga nic ma tte r from the 
Ca leclon River (-17.0°/00) is less negative than the upper 
Orange sa mples fro m the Free State Bo rde r (-18.9°/00) 
and Aliwal North (-19.6°/00) s ites, which suggests that the 
C]iedon River ca rries a grea te r pe rcentage o f e roded 
topsoil 'with s ignifica ntly mo re C4 plant ma te ria l. 
Therefore, the high er o rga nic ca rbo n conte nt and its 
more positive oUC value suggests that the Caledon River 
suspended load has a s ignificant e roded to psoil source, 
whereas the suspe nded load of the Orange luver above 
Alivval North has a s ignifica nt bedrock source. 
Conclusions 
The source of the suspended sedime nt load o f the 
Orange H..i ver ca n be inferred from the mine ra logica l and 
geochentlcal differences of the t'\vo major bedrock types 
o f the catchme nt a rea: basalt and Karoo sedimentaIY 
rocks. Basa lt soils conta in abundant rock fragments , 
plagioclase feldspar and smectitic clay mine ra ls, whe reas 
Karoo sedimentary rock soils conta in abundant qua rtz, 
K-fe lds par and illitic as well as smectitic cla y mine rals. 
These mineralogical differences a re made quantifiable 
by the major oxide ratio (Mg + Na)/ K <l nd the trace 
e leme nt ratio (Rb + Ba)/ (Ni + Cr + V) . These ratios 
clea rly differentiate basalt and K3roo sedime ntary rock 
soils a nd indicate that most of the O range River 
suspended loa d is derived fro ln erosion of Karoo 
sedime ntary bedrock a nd soils. In pa rticular, the 
Caledon River delivers most of the fine mud suspended 
load o f the Orange River. Although it is difficult to 
determine the rela ti ve contrib utio ns of Karoo 
sed imenta ry bedrock a nd to pso il e ros io n to the 
suspe nded load , the o rga nic ca rbon conte nt and isotope 
compositio n suggest that much o f the suspe nded loa d of 
the Ca ledon River is derived from the e rosio n o f topsoil . 
Fuulre , more detailed geochemical anal yses w ill aLlow 
for a mo re complete evaluation o f e roded sedime nt 
sources to the Orange River. 
The Drakensb erg Mountains receive the g reatest 
a mount o f rainfall and ha ve the steepest slopes o f the 
Uppe r Orange River catchme nt. However, the ha rd 
basa lt bedrock combined with densely rooted grassla nd 
vegetatio n limit the amount of e rosio n. The sedime nt 
load is do minated b y the mo re easily e roded unde rlying 
Karoo sedime ntary rocks w he re the river down cuts 
thro ug h the Drake nsberg Mountains. It is this difference 
in e rosio n rate that makes the cliff-faced Drake nsberg 
Mountain basa lts such a prominent to pog raphic featu re 
o f southe rn Africa. The refore , most of the sediment 
ca rried to the western margin by the Orange Ri ver is 
derived fro m Karoo sed ime ntaIY rocks rathe r tha n from 
basalt. Ho\vever, the sedime nt d eri ved fro m Karoo 
sed imenta ry rocks is dominated by quartz sa nd, much of 
w hich ultima te ly ends up in the Namib Desert . 
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The terrigeno us mud of the o ffsho re mudbel t is largely 
der ived fro m wea ther ing o f the upper Ka roo 
sedimentary rocks , but w ill also include mud derived 
fro m the weathering o f basa lt. Eroded sand a nd s ilt s ized 
basal t rock fragme nts ca n undergo fUlther wea thering 
downstrea m to produce the clay mine ra l smectite much 
o f which is deposited in the 1l1uclbelt. 
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Appendix B: XRD SCANS 





































































































































































































































































































Appendix C: Sample location and GPS co-ordinates 
 
Sample name Sample no Nearby town 
 







Elb12a 1a Lady Brand TRe top soil  29° 10' 27,9" 27° 25' 26,3" 1516 
Elb12b 1b Lady Brand TRe middle unit  29° 10' 27,9" 27°° 25' 26,3" 1516 
Elb12c 1c Lady Brand TRe chunky bedrock  29° 10' 27,9" 27° 25' 26,3" 1516 
Elb12d 1d Lady Brand TRe river bank deposit of stream   29° 10' 27,9" 27° 25' 25,8" 1515 
Clb13a 2a Mondderkop TRc rock sample  29° 09' 59,1" 27° 23' 35,1" 1763 
Clb13b 2b Mondderkop TRc farm soil  29° 08' 20.6" 27° 23' 24.4" 1701 
Tcl14a 3a Clocodan  TRt alluvium deposit  28° 57' 36,6" 27° 33' 58,2" 1540 
Tcl14b 3b Clocodan  TRt river bank deposit  28° 57' 36,6" 27° 33' 58,2" 1540 
Mcl15 9 Clocodan  TRm farm soil  28° 52' 52,8" 27° 33' 23,5" 1592 
Tmar15 10 Marquad TRt soil sample  28° 46' 02,5" 27° 29' 58,0" 1612 
Ecl17 11 Marquad TRe farm soil  28°50 '26,6" 27° 37' 51,8" 1647 
Efr18 14 Fouriesburg TRe bed rock  28° 32' 24,8" 28° 25' 20,6" 1784 
Cfr18 15 Fouriesburg TRc bed rock  28° 32' 24,8" 28° 25' 20,6" 1784 
E&Cfr19 16 Fouriesburg TRe and TRc river bank deposit  28° 38' 37,0" 28°16' 39,3" 1643 
M22a 17a Ficksburg TRm top soil  28° 40' 21,1" 28° 08' 44,1" 1633 
M22b 17b Ficksburg TRm soil sample  28° 40' 21,1" 28° 08' 44,1" 1633 
M22c 17c Ficksburg TRm soil sample  28 °40' 21,1" 2 8° 08' 44,1" 1633 
T24a 20a Ficksburg TRt top soil  28° 40' 48,4" 28° 08' 24.5" 1590 
T24b 20b Ficksburg TRt subsoil with clay  28 °40' 4 8,4" 28° 08' 24.5" 1590 
T24c 20c Ficksburg TRt chunky rock  28°40' 48,4" 28 ° 08' 24.5" 1590 
T24d 20d Ficksburg TRt river bank deposit  28° 40' 48,4" 28° 08' 24.5" 1590 
M23 24 Ficksburg TRm soil sample  28 °47' 55.8" 27°  54' 12.9" 1597 
B&C23 25 Ficksburg Jdr and TRc river bank deposit  28 °54' 45.7" 27° 40' 26.3" 1627 
Twep24 26 Wepner TRt rock sample  29 °43' 39.7" 26°  58' 01.0" 1440 
Teg25a 27a Egmont TRt alluvium deposit  30 °06' 12. 0" 27° 02' 31.9" 1502 
Teg25b 27b Egmont TRt soil sample  30° 06' 12.0" 27 ° 02' 31.9" 1502 
Ezas26 29 Zastron Trt alluvium deposit  30 °22 '22. 5" 27° 16' 11.1" 1497 
Mzas27 30 Zastron TKm alluvium deposit  30 °19 '06. 7" 27° 09' 14.9" 1561 
Pa28 31 Wepner Pa soil sample  29 °39' 33.7" 26 °50 ' 53.0" 1505 

















Sample name Sample no Nearby town 
 







LG1 2 33a Lady Grey TRc top soil  30 °46' 30.6 27 ° 11' 26.9 1679 
LG2 2 33b Lady Grey TRc bed rock  30 °46' 30.6 27° 11' 26.9 1679 
N.E 3 35 New England Jdr soil  30 °52' 09.0 27 °28'  40.5 1754 
B.E 4 36 Barkly East Jdr bedrock  30° 04' 15.8 27 ° 39' 26.9 1790 
KPS 7 37 Barkly East Jdr bedrock  30° 57' 07.9" 27°  27' 41.4" 1606 
8A  38a Barkly East Jdr topsoil  30° 51' 32.2" 27° 24' 37.0" 1892 
8B 38b Barkly East Jdr subsoil  30° 51' 32.2" 27° 2 4' 37.0" 1892 
8C 38c Barkly East Jdr Weatherd Bed Rock  30° 51' 3 2.2" 27° 24' 37.0" 1892 
8D 38d Barkly East Jdr bed rock  30° 51' 32.2" 27° 24' 37.0" 1892 
9 basalt 42 Dordrecht Jdr soil  30° 50' 42.5" 27° 1 7' 05.0" 1916 
10 mud 43 Dordrecht TRe rock  30° 48' 32.3" 27° 15'  28.3" 1660 
11A 44a Dordrecht TRe topsoil  30° 46' 58.8" 27° 11 ' 17.5" 1697 
11B 44b Dordrecht TRe bed rock  30° 46' 58.8" 27 °1 1' 17.5" 1697 
12A 46a Blue Gum TRe topsoil  30° 32' 03.2" 27 °18'  11.4" 1488 
12B 46b Blue Gum TRe Weathered Bed Rock  30° 32' 03 .2" 27 °18' 11.4" 1488 
12C 46c Blue Gum TRe bed rock  30° 32' 03.2" 27 °18 ' 11.4" 1488 
13SP 49 Sterkspriut TRm topsoil  30 °26' 08.8" 27 ° 22' 43.3" 1378 
15A O.F.S.B 50a Zastron TRe topsoil  30 °22' 19.5" 27° 16' 42.4" 1515 
15B O.F.S.B 50b Zastron TRe Weathered Bed Rock  30 °22' 19.5" 27 °16' 42.4" 1515 
15C O.F.S.B 50c Zastron TRe sub soil  30 °22' 19.5"  27° 16' 42.4" 1515 
15D O.F.S.B 50d Zastron TRe Weathered Bed Rock  30 °22' 19.5" 27° 16' 42.4" 1515 
16soil hori 54 Rouxville TRm topsoil  30 °22' 08.4"  26 °46' 24.4" 1417 
17A 55a Kleinspirit TRt topsoil  30 °19' 05.1" 26 ° 42' 56.1" 1374 
17B 55b Kleinspirit TRt Weathered Bed Rock  30 °19'  05.1" 26°42' 56.1" 1374 
17C 55c Kleinspirit TRt rock  30 °19' 05.1" 26° 42'  56.1" 1374 
RB 19 58 Reddersburg TRt topsoil  29 °38' 07.1" 26 °10' 49.2" 1407 
20 76 Reddersburg TRt soil sample     

















Source River Sample name Sample no  Nearby town Suspended load (g/l) 2006 g/l 2007 Latitude Longitude Elevation m 
Orange River  Bundi Bundi Vioolsdrif  0.058 g/l 28o41'08.6" 17o33'48.5" 150 
 AN1 AN1 Aliwal North  2.6 g/l 0.46 g/l 30
o41'10.5" 26o42'20.7" 1306 
 FSB FSB 
Free State border 
bridge  3.4 g/l  
30o24'19.6" 27o20'14.1" 
1368 
         
Caledon River Caledon CLDN N6 Bridge  3.0 g/l 0.52 g/l 30o16'44.0" 26o39'16.7" 1329 
Vaal River  Vaal Douglas  0.022 g/l 29°04'17.9" 23°44' 17.9"  
         
Kraai River  Kraai B.E Barkly East 0.05 g/l  30°57' 08.6" 27°36 ' 24.3" 1754 
  Kraai N.E New England 0.22 g/l  30 °52' 09.0" 27°2 8' 40.5" 1754 
RIVER BANK DEPOSITS 2007        
Caledon River         
 CR16a  CLDNc RBa  Clocolan  top soil  28° 56' 51,1" 27° 43' 44,2" 1521 
 CR16b CLDNc RBb  Clocolan  river bank deposit  28° 56 '51,1" 27° 43' 44,2" 1521 
 Caledon River Bank CLDN RB N6 Bridge almost all sand deposit  30
o16'44.0" 26o39'16.7" 1329 
 Caledon 2nd samples. CLDN RB Clay N6 Bridge clay rich river bank sample  30
o16'44.0" 26o39'16.7" 1329 
         
Vaal River Vaal Windsorton Vaal RB Windsorton sandy river bank deposit  29°04'17.9" 23°44' 17.9"  
         
Orange River 
AL  North clay River Bank 4th 
Jan AN1 RB silt Aliwal north clay layer on river bank  
30o41'10.5" 26o42'20.7" 
1306 
 AL North Clay River Bank AN1 RB Mud Aliwal north fine clay and mud layer  30
o41'10.5" 26o42'20.7" 1306 
 AL North Surface mud AN1 RB Clay Aliwal north clay layer on sandy beds  30
o41'10.5" 26o42'20.7" 1306 
Paleoflood deposits        
Caledon River Caledon Paleoflood N6 CLDN P N6 Bridge very sandy homogenous sed  30o16'44.0" 26o39'16.7" 1329 
Vaal River Vaal Paleoflood(Douglas) Vaal P Douglas sub surface deposit in dry river bed     
 Orange River AL North Paleoflood AN1 P Aliwal north 
fine silt sampled in between tree 
roots   30
o41'10.5" 26o42'20.7" 1306 
 
